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INTRODUCTION 


BRCA1,  a  hereditary  breast-  and  ovarian-specific  tumor  suppressor,  functions  in 
the  global  maintenance  of  genome  stability,  and  has  been  implicated  in  both  transcription 
and  DNA  double-strand  break  repair  processes.  Considerable  evidence  implicates  DNA- 
damage- induced  site-specific  phosphorylation  of  BRCA1  as  a  critical  regulator  of  its 
caretaker  properties.  However,  it  is  not  presently  known  whether  and  how  the 
transcription  and/or  DNA  repair  activities  of  BRCA1  are  specifically  modulated  in 
response  to  DNA  damage.  We  hypothesized  that  DNA  damage-induced  site-specific 
phosphorylation  of  BRCA1  regulates  its  transcription  and/or  DNA  double-strand  break 
repair  activities.  To  provide  support  for  this  hypothesis,  we  proposed  first  to  identify 
ionizing  radiation-induced  site-specifically  phosphorylated  residues  on  BRCA1  in 
complex  with  transcription  or  DNA  double-strand  break  repair  activities,  and  second,  to 
determine  the  functional  consequence  of  ionizing  radiation-induced  site-specific 
phosphorylation  on  the  transcription  and  DNA  double-strand  break  repair  activities  of 
BRCA1.  Toward  this  objective,  our  research  plan  encompassed  two  major  objectives. 
Frist,  we  proposed  to  biochemically  purify  from  human  cells,  both  prior  to  and  following 
irradiation,  distinct  BRC A 1 -containing  multiprotein  complexes  corresponding  to  the 
RNA  polymerase  II  holoenzyme  and  the  DNA  double-strand  break  (DSB)  repair  complex 
containing  the  products  of  the  Rad50,  Mrell,  and  NBS1  (Nijmegan  breakage  syndrome) 
genes  (Rad50/Mrel  1/NBS1  complex).  Second,  we  proposed  to  effect  direct  comparative 
analyses  of  wild  type  BRCA1  and  mutant  derivatives  bearing  substitutions  at  ionizing 
radiation-targeted  residues  for  their  respective  abilities  to  function  in  BRCA1 -dependent 
transcription  and  DNA  double-strand  break  repair  assays  in  vivo. 


BODY 


Research  Accomplishments: 

Technical  Objective  1.  To  identify  ionizing  radiation  (IR)-induced  site-specifically 
phosphorylated  residues  on  BRCA1  in  complex  with  either  the  RNA  polymerase  II 
holoenzyme  or  the  Rad50/Mrell/NBS1  DNA  double-strand  break  repair  complex. 


Task  1:  Months  1-9:  To  purify  distinct  BRCA1 -containing  complexes  corresponding  to 
the  RNA  polymerase  II  holoenzyme  and  the  Rad50/Mrel  1/NBS1  DNA  double-strand 
break  repair  complex  both  prior  to  and  following  IR. 

In  year  one,  we  achieved  the  biochemical  purification  of  distinct  BRCA1- 
containing  multiprotein  complexes  implicated  in  transcription  and  DNA  repair,  thereby 
completing  a  significant  portion  of  Task  1  of  Technical  Objective  1.  The  results  of  these 
studies,  documented  in  the  first  year  annual  summary  statement,  were  incorporated  into  a 
manuscript  that  has  been  resubmitted  for  publication  following  additional  experiments, 
and  which  we  include  as  an  appendix  to  this  annual  summary  statement  (Please  Refer  to 
Appendix  1  -  Manuscript  Preprint). 
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In  year  one,  we  also  identified  a  novel  function  for  BRCA1  in  suppressing  the 
ligand- independent  transcriptional  activity  of  the  estrogen  receptor  a  (ERa),  a  principal 
determinant  of  the  growth  and  differentiation  of  breasts  and  ovaries.  This  observation 
arose  peripherally  as  a  result  of  the  characterization  of  BRC A 1 -containing  transcription 
complexes,  and  the  identification  of  activities  previously  linked  to  ERa.  Importantly, 
we  documented  that  clinically  validated  BRCA1  missense  mutations  abrogate  this 
repression  activity,  thereby  suggesting  that  its  ERa-specific  repression  function  is 
important  for  the  biological  activity  of  BRCA1  in  breast  and  ovarian  tumor  suppression. 
Our  results  revealed  BRCA1  to  be  a  ligand-reversible  barrier  to  transcriptional  activation 
by  unliganded  ERa,  and  suggested  a  possible  mechanism  by  which  functional 
inactivation  of  BRCA1  could  promote  tumorigenesis  through  inappropriate  hormonal 
regulation  of  breast  epithelial  cell  proliferation.  These  studies  offer  possible  insight  into 
the  tissue-specific  tumor  suppressor  function  of  BRCA1  and  could  suggest  defined 
molecular  targets  for  future  intervention  in  breast  cancer.  The  results  of  these  findings 
were  published  in  the  Proceedings  of  the  National  Academy  of  Sciences  U.S.A  (2001, 
Vol.  98:  9587-9592;  Please  refer  to  Appendix  2  -  Manuscript  Reprint)  (1),  and  were  also 
documented  in  the  first  year  annual  summary  statement. 

Using  the  purification  strategy  outlined  in  the  appended  manuscript  preprint,  we 
have  succeeded  in  purifying  distinct  BRCA1 -containing  transcription  and  DNA  repair 
complexes  from  HeLa  S3  cells  following  exposure  to  ionizing  radiation,  thus  completing 
Task  1  of  Technical  Objective  1. 


Task  2:  Months  3-18:  To  identify  IR-induced  site-specifically  phosphorylated  residues 
on  BRCA1  present  in  purified  RNA  polymerase  II  holoenzyme  and  Rad50/Mrel  1/NBS1 
DNA  double-strand  break  repair  complexes  by  both  mass  spectrometric  analyses  and 
immunoblot  analyses  using  phosphopeptide-specific  antibodies. 

We  are  currently  engaged  in  efforts  to  identify  IR-induced  site-specifically 
phosphorylated  residues  on  BRCA1  present  in  purified  RNA  polymerase  II  holoenzyme 
and  Rad50/Mrell/NBS1  DNA  double-strand  break  repair  complexes  by  immunoblot 
analysis  using  commercially  available  phosphopeptide-specific  antibodies  and  also  by 
mass  spectrometric  analyses.  Thus  far,  we  have  encountered  significant  obstacles  in  the 
identification  of  IR-induced  site-specifically  phosphorylated  residues  by  mass 
spectrometric-based  approaches.  The  difficulties  encountered  in  this  regard  most  likely 
derive  from  the  fact  that  a  relatively  small  fraction  of  the  total  cellular  pool  of  BRCA1  is 
phosphorylated  in  response  to  IR.  Consequently,  the  quantity  of  phosphorylated  target 
protein  thus  far  purified  is  below  the  sensitivity  limits  of  our  instruments.  We  are 
currently  engaged  in  the  preparation  of  additional  starting  material  for  these  experiments. 
The  process  in  laborious,  time-consuming,  and  expensive;  however,  we  are  confident  that 
the  information  to  derive  from  the  successful  completion  of  these  experiments  will  be 
crucial  to  deciphering  how  targeted  phosphorylation  of  BRCA1  in  response  to  DNA 
damage  alters  its  functions  within  the  cell.  We  are  therefore  currently  engaged  in  efforts 
to  culture  and  process  cells  on  an  even  larger  scale  than  previously  anticipated.  We  are 
confident  of  the  success  of  the  proposed  experimental  approach,  and  on  this  basis  we 
continue  to  implement  our  experimental  plan  so  far  as  resources  permit. 
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Technical  Objective  2.  To  determine  the  functional  consequence  of  individual  IR- 
induced  site-specific  phosphorylation  events  on  the  DNA  double-strand  break  repair 
and  transcription  activities  of  BRCA1. 


Task  1:  Months  9-36:  To  determine  the  effects  of  targeted  mutations  at  identified  (or 
predicted)  sites  of  IR-induced  phosphorylation  within  BRCA1  on  its  ability  to  effect 
DNA  double-strand  break  repair  by  homologous  recombination  and  nonhomologous  end¬ 
joining  following  its  ectopic  expression  in  Brea  1 -deficient  cells. 

As  a  first  approach  toward  this  objective,  we  initiated  the  functional 
characterization  of  the  BRCA1/Rad50/Mrel  1/NBS1  DNA  double-strand  break  repair 
complex  purified  in  Task  1  of  Technical  Objective  1.  In  so  doing,  we  made  the  novel 
discovery  that  BRCA1,  in  complex  with  Rad50/Mrel  1/NBS1,  plays  a  critical  role  in  the 
nonhomologous  end-joining  pathway  of  DNA  double-strand  break  repair.  This 
observation  has  significant  implications  for  the  role  of  BRCA1  in  the  maintenance  of 
genomic  integrity.  This  study  was  published  in  manuscript  form  in  Cancer  Research 
(2002,  Vol.  62:  3966-3970;  Please  refer  to  Appendix  3  -  Manuscript  Reprint)  (2),  and 
was  also  documented  in  the  second  year  midterm  summary  statement. 

In  addition  to  its  novel  findings,  this  study  also  established  a  cell-free  system  that 
should  expedite  the  completion  of  Task  1  of  Technical  Objective  2.  More  specifically, 
the  in  vitro  complementation  system  for  nonhomologous  end-joining  described  in  this 
study  should  permit  us  to  assess  in  a  straightforward  approach  the  role  of  regulatory 
BRCA1  phosphorylation  on  its  DNA  double-strand  break  repair  activities. 


Task  2:  Months  6-24:  To  determine  the  effects  of  targeted  mutations  at  identified  (or 
predicted)  sites  of  IR-induced  phosphorylation  within  BRCA1  on  its  ability  to  control 
transcription  following  its  ectopic  expression  in  breal -deficient  cells. 

As  a  first  approach  toward  this  objective,  we  have  established  a  BRCA1- 
dependent  transcription-based  assay  to  evaluate  the  effects  of  IR-induced  site-specifically 
phosphorylated  residues  on  BRCA1  identified  through  Task  2  of  Technical  Objective  1. 
This  assay  is  based  on  the  functional  interaction  between  BRCA1  and  the  sequence- 
specific  transcriptional  repressor  protein  ZBRK1.  Previously,  we  showed  that  BRCA1  is 
a  co-repressor  of  ZBRK1,  a  sequence-specific  DNA-binding  transcriptional  repressor  of 
the  DNA  damage-inducible  GADD45  gene  that  functions  in  G2/M  cell  cycle  checkpoint 
control  (3).  In  addition  to  GADD45,  potential  ZBRK1  binding  sites  have  been  identified 
in  other  DNA  damage-inducible  genes,  indicating  a  prospective  global  role  for  ZBRK1 
and  BRCA1  in  the  coordinate  regulation  of  DNA  damage-response  genes  (3).  Based  on 
these  previous  observations,  we  have  proposed  a  model  whereby  ZBRK1  and  BRCA1 
coordinately  repress  a  group  of  DNA  damage  response  genes  in  the  absence  of  genotoxic 
stress  and,  further,  that  DNA  damage-induced  cell  signals  relieve  this  repression,  thereby 
permitting  DNA  damage-induced  activation  of  these  genes. 
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The  DNA  damage-induced  cell  signals  that  relieve  coordinate  repression  of  DNA 
damage  response  genes  by  ZBRK1  and  BRCA1  is  likely  to  involve  phosphorylation.  In 
fact,  previous  studies  have  revealed  that  IR-induced  protein  phosphorylation  is  required 
to  relieve  BRCA1  -mediated  repression  of  the  GADD45  gene  (4).  To  facilitate  studies 
designed  to  determine  the  effects  of  targeted  mutations  at  identified  sites  of  IR-induced 
phosphorylation  within  BRCA1  on  its  ability  to  control  transcription,  we  established  a 
BRC A 1 -dependent  ZBRK1  transcriptional  repression  assay.  This  assay  is  designed  to 
assess  the  BRCA1 -dependent  repression  function  of  ZBRK1  in  mammalian  cells  from  a 
reporter  template  bearing  ZBRK1  DNA-binding  sites.  To  establish  the  utility  of  this 
system  as  a  means  to  study  BRCAl-dependent  ZBRK1  repression,  we  used  this  system 
as  a  functional  readout  during  experiments  designed  to  functionally  dissect  ZBRK1.  This 
study  revealed  that  ZBRK1  harbors  dual  specificity  zinc  fingers  with  twin  roles  in  DNA- 
binding  and  BRCAl-dependent  transcriptional  repression.  Furthermore,  this  study 
provided  novel  insight  into  the  mechanistic  basis  by  which  BRCA1  mediates  sequence- 
specific  control  of  DNA  damage-responsive  gene  transcription  by  the  identification  of  a 
novel  BRCAl-dependent  transcriptional  repression  domain  within  the  ZBRK1  C- 
terminus.  This  C-terminal  repression  domain  (CTRD)  functions  in  a  BRCAl-dependent, 
histone  deacetylase-dependent,  and  promoter-specific  manner  and  is  thus  functionally 
distinguishable  from  the  N-terminal  KRAB  repression  domain  in  ZBRK1,  which  exhibits 
no  BRCA1  dependence  and  broad  promoter  specificity.  This  study  was  published  in 
manuscript  form  in  The  Journal  of  Biological  Chemistry  (2004,  Vol.  279:  6576-6587; 
Please  refer  to  Appendix  4  -  Manuscript  Reprint)  (5),  and  was  also  documented  in  our 
second  year  annual  summary  statement. 

In  the  past  year,  we  further  exploited  this  BRCAl-dependent  ZBRK1 
transcriptional  repression  assay  to  characterize  novel  BRCA1 -associated  co-repressors  of 
ZBRK1.  More  specifically,  during  an  unbiased  search  for  novel  interaction  partners  and 
possible  co-regulators  of  the  CTRD,  we  identified  ZBRK1  itself,  suggesting  that  ZBRK1 
can  oligomerize  through  its  CTRD.  Protein  interaction  analyses  using  wild-type  and 
mutant  ZBRK1  derivatives  confirmed  that  ZBRK1  can  homo-oligomerize  both  in  vitro 
and  in  vivo,  and  further  mapped  the  ZBRK1  oligomerization  domain  to  the  CTRD  C- 
terminus.  Biochemical  analyses,  including  protein  cross-linking  and  gel  filtration 
chromatography,  revealed  that  ZBRK1  homo-oligomers  exist  as  tetramers  in  solution. 
Functionally,  we  exploited  the  aforementioned  BRCAl-dependent  ZBRK1 
transcriptional  repression  assay  to  show  that  ZBRK1  oligomerization  facilitates  ZBRK1- 
directed  transcriptional  repression  through  ZBRK1  response  elements  (ZREs); 
requirements  for  oligomerization-dependent  repression  include  the  ZBRK1  CTRD  and 
KRAB  repression  domains,  but  not  the  DNA-binding  activity  of  ZBRK1.  These 
observations  suggest  that  higher  order  oligomers  of  ZBRK1  may  assemble  on  target 
ZREs  through  both  protein-DNA  and  CTRD-dependent  protein-protein  interactions. 
These  findings  thus  reveal  an  unanticipated  dual  function  for  ZBRK1  in  both  DNA- 
binding-dependent  and  -independent  modes  of  transcriptional  repression,  and  further 
establish  the  CTRD  as  a  novel  protein  interaction  surface  responsible  for  directing  homo- 
and  heterotypic  interactions  necessary  for  ZBRK1 -directed  transcriptional  repression. 
This  study  was  published  in  manuscript  form  in  the  The  Journal  of  Biological  Chemistry 
(2004,  Vol.  279:  55153-55160;  Please  refer  to  Appendix  5  -  Manuscript  Reprint)  (6). 
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Our  BRCA1 -dependent  ZBRK1  repression  assay  may  now  be  exploited  to 
evaluate  the  influence  of  IR-induced  site-specific  phosphorylation  of  BRCA1  on  its 
sequence-specific  co-repressor  function.  So  long  as  resources  permit,  we  plan  to  evaluate 
the  influence  of  IR  on  the  ability  of  ectopically  expressed  wild-type  BRCA1  to  function 
as  a  ZBRKl-specific  co-repressor.  We  predict,  and  will  test  the  possibility,  that  IR  leads 
to  phosphorylation  of  BRCA1  and  consequent  relief  of  ZB RK1 -directed  repression  from 
the  ZBRK1  target  reporter  plasmid  through  disruption  of  the  ZBRK1/BRCA1  interaction. 
Subsequently,  we  will  evaluate  BRCA1  derivatives  bearing  site-directed  mutations  at 
sites  of  IR-induced  phosphorylation  identified  through  Task  2  of  Technical  Objective  1 
for  their  respective  abilities  to  function  as  IR-reversible  co-repressors  of  ZBRK1 .  We 
predict  that  BRCA1  derivatives  bearing  mutations  at  identified  sites  of  IR-induced 
phosphorylation  will  function  as  constitutive  ZBRK1  co-repressors  through  an  IR- 
insensitive  interaction  with  ZBRK1.  This  assay  should  therefore  provide  us  with  a  rapid 
and  facile  approach  to  test  the  hypothesis  that  IR-induced  site-specific  phosphorylation  of 
BRCA1  modulates  its  transcriptional  regulatory  activities. 


Key  Research  Accomplishments  To  Date  (Year  3  accomplishments  underlined). 

•  Biochemical  resolution  of  distinct  BRCA1  -containing  multiprotein  complexes 
implicated  in  transcription  and  DNA  repair. 

•  Novel  discovery  that  BRCA1  mediates  ligand-independent  transcriptional 
repression  of  the  estrogen  receptor  a. 

•  Novel  discovery  that  BRCA1,  in  complex  with  RAD50/Mrel  1/NBS1,  promotes 
nonhomologous  end-joining  of  DNA  double-strand  breaks. 

•  Establishment  of  a  BRCA1  -dependent  nonhomologus  end-joining  assay  that  will 
expedite  studies  designed  to  test  the  hypothesis  that  IR-induced  site-specific 
phosphorylation  of  BRCA1  modulates  its  DNA  double-strand  break  repair 
activities. 

•  Novel  discovery  within  ZBRK1  of  functionally  bipartite  zinc  fingers  with  dual 
roles  in  sequence-specific  DNA-binding  and  BRCA1 -dependent  transcriptional 
repression. 

•  Establishment  of  a  BRCA1 -dependent  ZBRK1  transcriptional  repression  assay 
that  will  expedite  studies  designed  to  test  the  hypothesis  that  IR-induced  site- 
specific  phosphorylation  of  BRCA1  modulates  its  transcriptional  regulatory 
activities. 

•  Novel  discovery  that  ZBRK1.  through  its  ability  to  homo-oligomerize,  can 
function  as  both  a  sequence-specific  DNA-binding  transcriptional  repressor  and  a 
DNA-binding  independent  transcriptional  co-repressor. 
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•  Discovery  that  the  BRCAl-dependent  ZBRK1  C-terminal  repression  domain 
(CTRD)  is  a  novel  protein  interaction  surface  responsible  for  directing  both 
homotvpic  and  heterotypic  interactions  necessary  for  BRCAl-dependent  ZBRK1 
transcriptional  repression. 


Training  Accomplishments: 

Dr.  Wei  Tan,  who  previously  worked  on  this  project  and  authored  two 
manuscripts  in  the  process  (please  see  Appendices  4  and  5  -  manuscript  reprints)  recently 
completed  his  Ph.D.  thesis  and  graduated  from  the  UTHSCSA/Program  in  Molecular 
Medicine  in  May  of  2005.  Dr.  Tan  is  currently  pursuing  his  postdoctoral  studies  in  the 
laboratory  of  Dr.  Michael  Karin  in  the  Department  of  Pharmacology  at  the  University  of 
California,  San  Diego  School  of  Medicine. 

Currently,  I  mentor  five  Ph.D.  students,  two  of  whom  are  engaged  in  research 
pertaining  to  the  studies  described  in  this  summary  report.  Ms.  Amy  M.  Trauernicht  is  a 
fourth-year  Ph.D.  student  who  is  working  to  biochemically  fractionate  BRCA1- 
containing  transcription  and  DNA  repair  complexes  from  IR-treated  cells  using  the 
purification  strategy  developed  to  achieve  Task  1  of  Technical  Objective  1  and  detailed 
in  Appendix  1.  Ms.  Trauernicht  is  also  following  up  on  our  observation  that  BRCA1 
mediates  ligand-independent  transcriptional  repression  of  the  estrogen  receptor.  She  has 
completed  writing  an  invited  review  on  this  subject  along  with  me,  which  was  published 
in  the  journal  Breast  Disease  (Please  refer  to  Appendix  6  -  Manuscript  Reprint).  She  is 
making  substantial  progress  along  both  of  her  research  fronts. 

Ms.  Sejin  Kim  is  a  new  graduate  student  who  recently  joined  my  laboratory  on  a 
permanent  basis  following  successful  completion  of  her  first  academic  year  in  the 
Program  in  Molecular  Medicine,  which  includes  didactic  training  and  compulsory 
laboratory  rotations.  Ms.  Kim  is  a  talented  and  hard-working  student  who  will  follow  up 
on  Dr.  Tan’s  work.  More  specifically,  Ms.  Kim  will  exploit  our  BRCAl-dependent 
ZBRK1  repression  assay  to  evaluate  the  influence  of  IR-induced  site-specific 
phosphorylation  of  BRCA1  on  its  sequence-specific  co-repressor  function. 


REPORTABLE  OUTCOMES  TO  DATE  (Year  3  reportable  outcomes  underlined). 
Manuscripts; 

1.  Zheng,  L.,  Annab,  L.A.,  Afshari,  C.A.,  Lee,  W.-H.,  and  Boyer,  T.G.  (2001). 
BRCA1  Mediates  Ligand-Independent  Transcriptional  Repression  of  the  Estrogen 
Receptor.  Proc.  Natl.  Acad.  Sci.  U.S.A.  98:  9587-9592.  Please  refer  to  Appendix 
2. 

2.  Zhong,  Q„  Boyer,  T.G.,  Chen,  P.-L.,  and  Lee,  W.-H.  (2002).  Deficient 
Nonhomologous  End-Joining  Activity  in  Cell-Free  Extracts  from  BRCAl-null 
Fibroblasts.  Cancer  Res.  62:  3966-3970.  Please  refer  to  Appendix  3. 

3.  Tan,  W.  Zheng,  L.,  Lee,  W.-H.  and  Boyer,  T.G.  (2004).  Functional  dissection  of 
Transcription  Factor  ZBRK1  Reveals  Zinc  Fingers  with  Dual  Roles  in  DNA- 
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binding  and  BRCA1 -dependent  Transcriptional  Repression.  J.  Biol.  Chem.  279: 
6576-6587.  Please  refer  to  Appendix  4. 

4.  Tan,  W„  Kim.  S„  and  Boyer,  T.G.  (20041  Tetrameric  oligomerization  mediates 
transcriptional  repression  by  the  BRCA1 -dependent  Kruppel-associated  box-zinc 
finger  protein  ZBRK1.  J.  Biol.  Chem.  279:  55153-55160.  Please  refer  to 
Appendix  5. 

Reviews: 

1.  Lee,  W.-H.  and  Boyer,  T.G.  (2001).  BRCA1  and  BRCA2  in  Breast  Cancer.  The 
Lancet  (Supplement),  358:  S5.  Please  refer  to  Appendix  6. 

2.  Boyer,  T.G.  and  Lee,  W.-H.  (2002).  Breast  Cancer  Susceptibility  Genes.  Science 
&  Medicine  8:  138-149.  Please  Refer  to  Appendix  7. 

3.  Trauemicht,  A.M.  and  Boyer,  T.G.  (2003).  BRCA1  and  Estrogen  Signaling  in 
Breast  Cancer.  Breast  Dis.  18:  1 1-20.  Please  refer  to  Appendix  8. 

Meeting  Abstracts: 

1.  Boyer,  T.G.,  Zheng,  L.,  Annab,  L.A.,  Afshari,  C.A.,  and  Lee,  W.-H.  (2002). 
Modulation  of  estrogen  receptor  function  by  BRCA1 .  Era  of  Hope,  Department  of 
Defense  Breast  Cancer  Research  Program  Meeting.  Orlando,  Florida. 

2.  Bromhal,  M.,  Tan,  W.,  Boyer,  T.G.,  and  Yew,  P.R.  (2002).  The  role  of  BRCA1- 
dependent  ubiquitination  in  breast  cancer.  Era  of  Hope,  Department  of  Defense 
Breast  Cancer  Research  Program  Meeting.  Orlando,  Florida. 

3.  Tan,  W.  Zheng,  L.,  Chen,  P.-L.,  Lee,  W.-H.,  and  Boyer,  T.G.  (2003).  Molecular 
dissection  of  a  BRC A 1  -dependent  transcriptional  repression  domain.  Mechanisms 
of  Eukaryotic  Transcription.  Cold  Spring  Harbor,  New  York. 

4.  Trauernicht,  A.M.  and  Boyer,  T.G.  (2004).  Modulation  of  human  estrogen 
receptor  alpha  (ERa)  function  by  BRCA1.  Nuclear  Hormone  Receptors. 
Keystone  Symposia,  Keystone,  Colorado. 

5.  Boyer,  T.G.,  Tan,  W.,  and  Kim,  S.  (2005).  Coordinate  transcriptional  control  by 
BRCA1  and  the  krab-zinc  finger  protein  ZBRK1.  Era  of  Hope,  Department  of 
Defense  Breast  Cancer  Research  Program  Meeting.  Philadelphia,  PA. 

6.  Boyer,  T.G.  and  Trauernicht.  A.M.  (2005).  Modulation  of  human  estrogen 
receptor  alpha  function  by  BRCA1.  Era  of  Hope,  Department  of  Defense  Breast 
Cancer  Research  Program  Meeting.  Philadelphia.  PA. 

7.  Sharp,  Z.D.,  Tan,  W.,  Boyer.  T.G..  and  Mancini.  M.A.  (2005).  Nuclear  dynamics 
of  BRCAl-dependent  transcriptional  regulation.  Era  of  Hope.  Department  of 
Defense  Breast  Cancer  Research  Program  Meeting.  Philadelphia.  PA. 


Awards: 

1.  IDEA  Award  DAMD 17-03- 1-0272,  U.S.  Army  Dept,  of  Defense,  BCRP,  2003. 
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CONCLUSIONS 


We  have  succeeded  in  the  biochemical  resolution  of  distinct  BRCA1 -containing 
multiprotein  complexes  implicated  in  transcription  and  DNA  repair.  We  have  made  the 
novel  discovery  that  BRCA1  mediates  ligand-indpendent  transcriptional  repression  of  the 
estrogen  receptor  a;  this  finding  suggests  a  possible  means  by  which  BRCA1  might 
control  breast  epithelial  cell  proliferation,  and  by  implication  cancer  risk  in  the  breast. 
We  have  also  made  the  novel  discovery  that  BRCA1,  in  complex  with 
Rad50/Mrel  1/NBS1,"  promotes  nonhomologous  end-joining  of  DNA  double-strand 
breaks.  This  observation  has  significant  implications  for  the  function  of  BRCA1  in  tumor 
suppression  through  its  role  in  the  maintenance  of  genomic  integrity.  In  addition  to  this 
novel  finding,  we  have  also  established  efficient  and  reliable  BRCAl-dependent  DNA 
repair-  and  transcription-based  functional  assays,  the  latter  of  which  has  permitted  us  to 
make  the  additional  novel  discoveries  that:  (1)  ZBRK1,  a  BRCAl-dependent 
transcriptional  repressor,  harbors  zinc  fingers  with  dual  roles  in  sequence-specific  DNA- 
binding  and  BRCAl-dependent  transcriptional  repression,  (2)  ZBRK1,  through  its  ability 
to  homo-oligomerize,  functions  dually  in  both  DNA-binding  dependent  and  -independent 
modes  of  transcriptional  repression,  and  (3)  the  BRCAl-dependent  ZBRK1  C-terminal 
repression  domain  (CTRD)  is  a  novel  protein  interaction  surface  responsible  for  directing 
homotypic  as  well  as  heterotypic  interactions  necessary  for  ZBRK1 -directed 
transcriptional  repression.  These  findings  shed  new  light  on  the  mechanistic  basis  by 
which  BRCA1  mediates  sequence-specific  control  of  DNA  damage-responsive  gene 
transcription.  As  long  as  resources  permit,  our  current  efforts  will  be  targeted  at 
identifying  DNA  damage-induced  site-specific  phosphorylation  events  with  potential 
functional  relevance  to  the  role  of  BRCA1  in  both  transcription  and  DNA  damage  repair 
processes.  Hence,  we  will  exploit  these  BRCAl-dependent  DNA  repair-  and 
transcription-based  assay  to  analyze  of  the  effects  of  targeted  BRCA1  mutations  at 
identified  sites  of  phosphorylation  on  its  DNA  repair  and  transcriptional  regulatory 
activities.  These  studies  should  illuminate  further  the  molecular  basis  for  the  caretaker 
properties  of  BRCA1. 
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BRCA1,  a  hereditary  breast-  and  ovarian-specific  tumor  suppressor,  functions  in 
the  maintenance  of  genome  integrity  and  has  been  implicated  in  a  diverse  range  of  cellular 
processes  including  transcription  regulation  and  DNA  repair.  However,  the  physical  and 
functional  relationship  between  BRCAl-containing  activities  involved  in  these  processes 
remains  to  be  fully  deciphered.  Here,  we  report  the  biochemical  resolution  of  distinct 
multiprotein  complexes  comprised  of  BRCA1  in  association  with  transcription  and  DNA 
repair  activities.  One  complex,  consisting  of  BRCA1,  NBS1,  Rad50,  RNA  polymerase  II, 
and  RNA  polymerase  II  Mediator  proteins  could  be  resolved  from  a  second  complex 
comprised  of  BRCA1,  NBS1,  Rad50,  Mrell,  and  additional  polypeptides.  These  findings 
provide  biochemical  evidence  for  stable  and  distinct  BRCAl-containing  complexes  with 
potential  roles  in  transcription  and  DNA  repair  and,  furthermore,  provide  evidence  for  an 
interaction  of  NBS1  and  Rad50  with  the  RNA  polymerase  II  holoenzyme.  The  presence  of 
BRCA1,  NBS1,  and  Rad50  in  distinct  complexes  raises  the  possibility  that  these  proteins 
represent  a  common  core  through  which  transcription  and  repair  activities  may  be 
physically  and  functionally  linked. 


INTRODUCTION 

Hereditary  predisposition  to  early  onset  breast  and  ovarian  cancer  derives  principally 
from  germ-line  mutations  in  either  of  two  BReast  CAncer  susceptibility  genes,  BRCA1  and 
BRCA2  (1,2).  Considerable  evidence  supports  the  notion  that  BRCA1  is  a  "caretaker"  gene 
whose  encoded  product,  a  220  kDa  nuclear  phosphoprotein,  functions  in  the  maintenance  of 
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global  genome  stability  (3-6).  While  the  precise  biochemical  basis  for  its  proposed  caretaker 
function  remains  unknown,  BRCA1  has  nonetheless  been  implicated  in  both  the  regulation  of 
transcription  and  the  repair  of  damaged  DNA. 

Several  lines  of  evidence  support  a  direct  role  for  BRCA1  in  transcription  control.  First, 
the  carboxyl-terminus  of  BRCA1  exhibits  an  inherent  transactivation  function  sensitive  to 
cancer-predisposing  mutations  (7-9).  Second,  BRCA1  has  been  identified  as  a  component  of  the 
RNA  polymerase  II  holoenzyme  (10).  Third,  BRCA1  has  been  reported  to  interact  with  a  variety 
of  transcriptional  activator  and/or  repressor  proteins  (11).  Finally,  BRCA1  activates 
transcription  of  genes  that  encode  activities  involved  in  DNA  damage-induced  cell  cycle  arrest 
and/or  apoptosis.  These  include  the  cyclin-dependent  kinase  inhibitor  p21  and  the  Growth 
Arrest  and  DNA  Damage-inducible  45  ( GADD45 )  genes  that  function  in  Gj/S  and/or  G2/M 
checkpoint  control,  and  the  bax  gene  that  functions  in  DNA  damage-induced  apoptosis  (12-15). 
Collectively,  these  observations  imply  a  role  for  BRCA1  in  mediation  of  DNA  damage-induced 
cell  cycle  arrest  and/or  apoptosis  through  control  of  gene  transcription. 

A  significant  body  of  experimental  evidence  also  implicates  BRCA1  in  DNA  damage 
repair.  First,  BRCA1  is  known  to  undergo  alterations  in  its  phosphorylation  status  and 
subcellular  localization  in  response  to  DNA  damage  (16).  Second,  Z>rca/-deficient  mouse 
embryonic  cells  are  defective  in  the  repair  of  both  oxidative  DNA  damage  by  transcription- 
coupled  processes  and  chromosomal  double-strand  breaks  by  homologous  and  nonhomologous 
recombination  (17,18;  Zhong,  Q,  Boyer,  T.,  Chen,  C.-F.,  Chen,  P.-L.,  and  Lee,  W.-H. 
Manuscript  submitted).  Finally,  BRCA1  interacts  physically  and  functionally  with  the 
Rad50/Mrel  1/NBS1  protein  complex  that  participates  directly  in  the  repair  of  DNA  double¬ 
strand  breaks  (19). 
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Thus,  while  BRCA1  likely  participates  in  the  control  of  transcription  and  DNA  double¬ 
strand  break  repair,  at  least  in  part,  by  virtue  of  its  association  with  the  RNA  polymerase  II 
holoenzyme  and  the  Rad50/Mrel  1/NBS1  complex,  respectively,  the  precise  physical  and 
functional  relationship  between  these  two  sets  of  interacting  proteins  remains  to  be  fully  defined. 
With  this  issue  in  mind,  we  have  undertaken  the  biochemical  fractionation  of  human  cell  extracts 
to  begin  to  decipher  the  protein  networks  through  which  BRCA1  functions.  Our  findings 
demonstrate  that  BRCA1,  together  with  Rad50  and  NBS1,  can  be  isolated  in  distinct 
multiprotein  complexes  characterized  by  the  stable  association  of  these  proteins  with  either 
transcription  or  repair  activities.  These  results  provide  the  first  evidence  for  an  association  of 
Rad50  and  NBS1  with  the  RNA  polymerase  II  holoenzyme,  and  raise  the  possibility  that  these 
two  proteins,  along  with  BRCA1,  represent  a  common  core  through  which  transcription  and 
DNA  repair  activities  may  be  linked  within  the  cell. 


RESULTS 

Human  HeLa  cell  nuclear  extract  was  fractionated  over  Cibacron  Hi-Trap  Blue 
Sepharose  using  a  linear  gradient  of  KC1  (0.1 -1.5  M).  Immunoblot  analysis  of  the  pre-  and  post¬ 
column  extract  revealed  that  the  bulk  of  BRCA1,  as  well  as  Rad50,  Mrell,  NBS1,  RNA 
polymerase  II,  and  human  Mediator  proteins  hSur2  and  CDK8  (20)  bound  quantitatively  to  the 
Blue  Sepharose  matrix  (Fig.  1;  data  not  shown).  Immunoblot  analysis  of  individual 
chromatographic  fractions  revealed  a  broad  elution  profile  for  BRCA1,  Rad50,  and  NBS1  (Fig. 
1 ;  data  not  shown).  By  contrast,  hSur2  eluted  early  in  the  gradient,  peaking  at  -0.45  M  KC1, 
while  Mrel  1  eluted  later,  peaking  at  ~1 .2  M  KC1. 
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The  presence  of  BRCA1,  Rad50,  and  NBS1  in  distinct  chromatographic  fractions 
corresponding  to  the  peaks  of  a  Mediator  subunit  on  one  hand  (hSur2)  and  a  double-strand  break 
repair  protein  on  the  other  (Mrel  1)  led  us  to  ask  whether  the  three  former  proteins  could  be 
isolated  in  stable  association  with  either  of  the  latter  two  proteins.  To  address  this  question,  Blue 
Sepharose  fractions  corresponding  to  the  peaks  of  hSur2  (Fig  1 ;  fractions  5-7)  and  Mrel  1  (Fig.  1 ; 
fractions  13-15)  were  pooled  separately  and  subjected  in  parallel  to  further  fractionation  first  by 
DEAE-Sepharose  anion  exchange  and  subsequently  by  Superose  6  gel  filtration  chromatography. 

Immunoblot  analysis  revealed  co-elution  of  hSur2,  BRCA1,  Rad50,  and  NBS1  during 
DEAE-Sepharose  chromatography  of  Blue-Sepharose  fractions  5-7  (Fig.  2a,  lane  1  and  data  not 
shown).  Superose  6  chromatography  of  peak  DEAE-Sepharose  fractions  revealed  co-elution  of 
BRCA1,  Rad50,  and  NBS1  in  one  major  peak  within  the  included  volume  (Fig.  2a;  fractions  48- 
51),  and  in  a  second  peak  which  corresponds  to  the  excluded  (void)  volume  of  the  Superose  6 
column  (Fig.  2a;  fractions  39-42).  The  included  and  excluded  Superose  6  peaks  of  BRCA1, 
Rad50,  and  NBS1  could  be  distinguished  by  the  absence  or  presence  of  additional  proteins. 
Specifically,  the  included  peak,  which  eluted  well  ahead  of  the  670  kDa  thyroglobulin  marker,  is 
characterized  by  the  additional  presence  of  RNA  polymerase  II  holoenzyme  components, 
including  the  RNA  polymerase  II  large  subunit,  RPB1,  and  human  Mediator  proteins  CDK8, 
Cyclin  C,  and  Med7.  Significantly,  no  Mrel  1  protein  could  be  detected  in  these  fractions.  The 
excluded  peak,  by  contrast,  was  characterized  by  the  presence,  in  addition  to  BRCA1,  Rad50, 
and  NBS1,  of  RNA  polymerase  II  and  a  substoichiometric  level  of  Mrel  1;  however,  little  or  no 
hSur2,  CDK8,  Cyclin  C  or  Med7  could  be  detected.  The  presence  of  Mrel  1  within  the  excluded 
peak  likely  derives  from  trace  amounts  of  a  BRCA1,  Rad50,  NBS1,  and  Mrel  1 -containing 
complex  incompletely  resolved  in  the  initial  Blue  Sepharose  fractionation  step.  The  ability  of 
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Superose  6  to  resolve  this  excluded  peak  containing  Mrel  1  from  an  included  peak  of  BRCA1, 
Rad50,  and  NBS1  in  association  with  RNA  polymerase  II  holoenzyme  components  raised  the 
possibility  that  these  two  peaks  represent  stable  and  distinct  multiprotein  assemblies. 

To  determine  if  BRCA1,  Rad50,  and  NBS1  all  reside  in  a  stable  complex  with  RNA 
polymerase  II  holoenzyme  components,  individual  Superose  6  column  fractions  corresponding  to 
the  included  peaks  of  BRCA1,  Rad50,  NBS1,  and  holoenzyme  components  (Fig.  2a;  fractions 
48-51)  were  pooled  and  subjected  to  immunoprecipitation  using  an  RNA  polymerase  II  large 
subunit  (RPBl)-specific  monoclonal  antibody,  8WG16  (21).  Immunoblot  analysis  revealed 
specific  co-immunoprecipitation  of  BRCA1,  Rad50,  and  NBS1  along  with  RNA  polymerase  II 
and  Mediator  proteins  CDK8,  Cyclin  C,  and  Med7  (Fig.  2b).  This  result  demonstrates  that  these 
proteins  all  reside  in  a  single,  large  molecular-size  complex,  which  likely  corresponds  to  the 
RNA  polymerase  II  holoenzyme. 

To  begin  to  characterize  the  protein  complex  that  contains  BRCA1  in  association  with 
Mrell,  Blue  Sepharose  fractions  13-15  were  pooled  and  applied  to  a  DEAE-Sepharose  anion 
exchange  resin.  Immunoblot  analysis  of  DEAE  fractions  revealed  co-elution  of  BRCA1,  Rad50, 
and  NBS1  along  with  Mrell  in  a  0.3M  KC1  step  elution  (data  not  shown).  Superose  6 
chromatography  of  peak  DEAE-Sepharose  fractions  revealed  co-elution  of  BRCA1,  Rad50, 
NBS1,  and  Mrel  1  in  one  peak  within  the  included  volume  (Fig.  3a;  fractions  47-50),  and  in  a 
second  peak  which  corresponds  to  the  excluded  (void)  volume  of  the  Superose  6  column  (Fig. 
3a;  fractions  40-43).  The  included  and  excluded  Superose  6  peaks  of  BRCA1,  Rad50,  NBS1, 
and  Mrell  could  be  distinguished  by  the  absence  or  presence  of  additional  proteins. 
Specifically,  the  excluded  peak  is  characterized  by  the  additional  presence  of  small  amounts  of 
ATM  and  Rad51,  although  the  bulk  of  ATM  eluted  in  fractions  corresponding  to  a  molecular 
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size  of  its  monomeric  form  (Fig.  3).  We  consider  it  likely  that  the  excluded  peak  represents  an 
insoluble  protein  aggregate,  since  BRCA1,  Rad50,  and  NBS1  exhibit  a  propensity  to  precipitate 
from  solution  into  aggregates  that  are  excluded  from  Superose  6  (T.G.  Boyer,  unpublished  data). 
Alternatively,  the  excluded  peak  could  represent  either  an  extremely  large  soluble  protein 
complex  or  a  protein/nucleic  acid  complex.  Because  these  issues  have  not  yet  been  thoroughly 
resolved,  we  have  pursued  analysis  of  Superose  6  fractions  corresponding  to  the  included  peak  of 
the  BRCA1,  Rad50,  NBS1,  and  Mrel  1  proteins. 

To  determine  if  BRCA1,  Rad50,  NBS1,  and  Mrell  all  reside  in  a  stable  complex, 
individual  Superose  6  column  fractions  corresponding  to  the  included  peaks  of  the  BRCA1, 
Rad50,  NBS1,  and  Mrell  proteins  (Fig  3a;  fractions  47-50)  were  subjected  to 
immunoprecipitation  using  a  Rad50-specific  monoclonal  antibody,  13B3.  Immunoblot  analysis 
revealed  specific  co-immunoprecipitation  of  BRCA1,  Rad50,  and  NBS1  along  with  Mrel  1  and 
at  least  10  additional  polypeptides  (Fig.  3b).  This  result  demonstrates  that  these  proteins  all 
reside  in  a  single,  large  molecular-size  complex. 


DISCUSSION 

We  have  undertaken  the  biochemical  fractionation  of  human  cell  extracts  in  an  initial 
effort  to  decipher  the  protein  networks  involved  in  BRCA1  function.  Previous  studies  have 
implicated  this  tumor  suppressor  in  both  the  control  of  transcription  and  the  repair  of  damaged 
DNA  (11).  Consistent  with  these  proposed  functional  roles,  biochemical  and  protein  interaction 
analyses  have  demonstrated  direct  and  specific  interaction  of  BRCA1  with  both  transcription  and 
DNA  repair  activities.  For  example,  it  has  been  demonstrated  that  BRCA1  interacts  individually 
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with  the  RNA  polymerase  II  holoenzyme,  with  Rad51,  and  with  the  Rad50/Mrel  1/NBS1  DNA 
double-strand  break  repair  complex  (10,19,22).  Thus,  it  appears  likely  that  BRCA1  participates 
in  a  diverse  range  of  DNA  transactions  by  virtue  of  its  association  with  these  specific 
transcription  and  repair  complexes.  However,  at  present,  the  physical  and  functional  relationship 
between  these  protein  assemblies  has  remained  undefined.  We  provide  biochemical  evidence  to 
suggest  that  these  activities,  while  perhaps  linked  within  the  cell,  may  nonetheless  be  isolated  as 
distinct  and  stable  macromolecular  assemblies.  Minimally,  the  proteins  common  to  both  of  these 
identified  complexes  are  BRCA1,  Rad50,  and  NBS1. 

The  simultaneous  presence  of  BRCA1,  Rad50,  and  NBS1  in  distinct  multiprotein 
complexes  with  apparent  transcription  and  repair  functions  provides  a  basis  for  the  functional, 
and  perhaps  physical,  linkage  of  these  activities  within  the  cell.  We  envision  two  alternative 
possibilities  for  the  association  of  these  two  activities.  First,  these  transcription  and  repair 
assemblies  could  represent  components  of  a  larger  complex  within  the  cell  that  has  undergone 
fractionation  in  vitro  (Fig  4a).  Alternatively,  these  complexes  could  represent  distinct  assemblies 
in  vivo  that,  by  virtue  of  shared  subunits,  are  linked  functionally  (Fig.  4b).  For  example,  a 
dynamic  redistribution  of  BRCA1,  Rad50,  and  NBS1  among  transcription  and  repair  complexes 
could  effect  global  alterations  in  these  activities  sufficient  to  meet  the  immediate  physiological 
demands  of  the  cell.  The  biochemical  basis  for  such  redistribution  could  involve 
phosphorylation,  a  notion  consistent  with  observed  alterations  in  the  phosphorylation  status  and 
subcellular  localization  of  BRCA1  as  a  consequence  of  cell  cycle  progression  or  cellular  DNA 
damage  (3,16).  Detailed  biochemical  characterization  of  BRCA1  in  association  with  the 
transcription  and  repair  complexes  identified  herein  should  reveal  whether  post-translational 
modification  represents  a  determinant  of  its  interaction  properties. 
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Our  identification  of  both  Rad50  and  NBS1  in  association  with  RNA  polymerase  II  and 
transcriptional  Mediator  proteins  represents,  to  our  knowledge,  the  first  demonstration  of  an 
interaction  of  these  proteins  with  the  RNA  polymerase  II  holoenzyme.  This  observation  suggests 
that  these  proteins  may,  like  BRCA1,  be  dually  involved  in  transcription  and  DNA  repair.  The 
precise  role  of  these  proteins  in  the  control  of  transcription  remains  to  be  defined.  However, 
such  a  role  would  not  be  entirely  inconsistent  with  the  observed  pleiotropic  features  associated 
with  an  absence  of  NBS1  activity  in  Nijmegen  breakage  syndrome,  which  include  microcephaly, 
growth  and  mental  retardation,  chromosomal  instability,  immunodeficiency,  and  a  high 
incidence  of  hematopoietic  malignancy  (23).  While  NBS1  has,  apart  from  its  direct  role  in 
repair,  been  implicated  in  checkpoint  control  through  regulation  of  ionizing  radiation-induced 
p53  protein  levels  (24,25),  a  more  direct  role  for  NBS1  in  control  of  gene  transcription  cannot  be 
ruled  out  at  present.  Future  analyses  should  serve  to  clarify  whether  and  how  NBS1  functions  in 
association  with  the  RNA  polymerase  II  machinery  to  effect  alterations  in  gene-specific 
transcription. 


MATERIALS  AND  METHODS 

Protein  Purification  -  HeLa  cell  nuclear  extract  (-725  mg)  was  applied  to  Cibacron  Hi-Trap 
Blue  Sepharose  (Amersham  Pharmacia)  at  a  concentration  of  4.5  mg/ml  protein  (total  of  7  X  5 
ml  columns;  103.5  mg  protein/column)  in  0.1  M  KC1  D  buffer  (20).  Columns  were  washed  with 
four  column  volumes  of  0.1  M  KC1  D  buffer  and  bound  proteins  subsequently  eluted  with  a  linear 
gradient  of  0.1-1.5M  KC1  in  D  buffer  over  a  total  volume  of  40  ml.  Blue  Sepharose  fractions 
containing  the  peaks  of  hSur2  (fractions  5-7)  and  Mrrell  (fractions  13-15)  as  determined  by 
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immunoblot  analysis  were  pooled  separately,  dialyzed  into  0.1M  KC1  D  buffer,  and  processed  in 
parallel  as  follows.  Dialyzed  Blue  Sepharose  fractions  were  applied  to  DEAE-Sepharose  (10  mg 
protein/ml  of  resin)  in  0.1  M  KC1  D  buffer.  Columns  were  washed  with  four  column  volumes  of 
0.1M  KC1  D  buffer  and  step-eluted  with  0.3M  KC1  D  buffer.  Individual  DEAE-Sepharose 
fractions  containing  the  peaks  of  BRCA1,  Rad50,  and  NBS1  along  with  either  hSur2  or  Mrel  1 
proteins  as  determined  by  immunoblot  analysis  were  pooled  to  a  final  concentration  of  4  mg/ml 
and  subjected  to  Superose  6  gel  filtration  chromatography  (2  ml  per  16  X  500  mm  column). 
Individual  Superose  6  column  fractions  were  analyzed  by  immunoblot  analysis  and  fractions 
corresponding  to  selected  peaks  as  indicated  were  pooled,  concentrated  on  phosphocellulose  P- 
1 1  using  a  0.6M  KC1  step  elution,  and  subjected  to  immunoprecipitation  analyses. 

Antibody  Immunoprecipitation  -  Monoclonal  antibodies  specific  for  the  RNA  polymerase  II  large 
subunit  CTD  (8WG16;  ref.  21),  human  Rad50  (13B3;  ref.  19),  human  p53  (PAb421;  ref.  26),  and 
Glutathione  S-Transferase  (8G11;  ref.  19)  were  individually  covalently  coupled  to  protein  G- 
Sepharose  using  dimethlylpimelimidate  (27).  Superose  6  column  fractions  containing  peaks  of 
BRCA1,  Rad50,  RNA  polymerase  II,  and  Mediator  proteins  were  pooled  and  incubated  in 
parallel  with  either  8WG16  (specific)  or  PAb421  (non-specific  control)  antibody  columns  in  0.3 
M  KC1  (1/2)  D  buffer  [(1/2)  D  buffer  is  20  mM  HEPES,  pH  7.9;  0.2  mM  EDTA;  10%  glycerol;  5 
mM  P-mercaptoethanol]  for  6  hours  at  4°  C.  Superose  6  column  fractions  containing  peaks  of 
BRCA1,  Rad50,  NBS1,  and  Mrell  were  pooled  and  incubated  in  parallel  with  either  13B3 
(specific)  or  8G1 1  (non-specific  control)  antibody  columns  in  0.3  M  KC1  (1/2)  D  buffer  for  6 
hours  at  hours  4°  C.  Column  matrices  were  washed  three  times  with  ten  column  volumes  of  0.3 
M  KC1  (1/2)  D  buffer,  once  with  ten  column  volumes  of  0.1M  KC1  (1/2)  D  buffer,  and  eluted 
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with  one  column  volume  of  0.1  M  glycine  (pH  2.0).  Column  eluates  were  neutralized,  subjected 
to  SDS-10%PAGE,  and  characterized  by  silver  stain  or  immunoblot  analysis  as  indicated. 
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FIGURE  LEGENDS 

Figure  1.  BRCA1  and  Rad50  co-elute  from  Cibacron  Blue  Sepharose  with  both 
transcriptional  Mediator  and  DNA  repair  proteins.  HeLa  nuclear  extract  was  applied  to  a 
Hi-Trap  Blue  column  at  0.1M  KC1,  and  bound  proteins  were  eluted  with  a  linear  gradient  of  0.1- 
1.5M  KC1.  Aliquots  of  the  on-put  nuclear  extract  (NEXT),  the  column  flow-through  (BS  FT), 
and  individual  chromatographic  fractions  (numbered)  were  analyzed  by  immunoblot  analysis 
using  antibodies  specific  for  the  proteins  indicated  on  the  left  of  the  blot.  Fractions 
corresponding  to  the  peaks  of  hSur2  (fractions  5-7)  and  Mrell  (fractions  13-15)  were  pooled 
separately  and  processed  in  parallel  for  further  chromatographic  analyses  as  indicated. 

Figure  2.  BRCA1,  Rad50,  and  NBS1  reside  in  stable  association  with  RNA  polymerase  II 
holoenzyme  components,  a.  Superose  6  gel  filtration  profile  of  Blue  Sepharose  and  DEAE- 
Sepharose  fractionated  proteins.  Pooled  Blue  Sepharose  fractions  5-7  (from  Fig.l)  were  applied 
to  DEAE-Sepharose  and  peak  fractions  from  a  0.3M  KC1  step  elution  containing  BRCA1, 
Rad50,  and  NBS1  were  pooled  and  subjected  to  gel  filtration  on  Superose  6.  Aliquots  of  the  on- 
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put  DEAE  fraction  (Load)  and  individual  column  fractions  (numbered)  were  analyzed  by 
immunoblot  analysis  using  antibodies  specific  for  the  proteins  indicated  on  the  left.  Downward¬ 
pointing  arrows  indicate  the  positions  of  marker  protein  peaks.  Fractions  corresponding  to  the 
excluded  (void)  and  included  volume  of  the  Superose  6  column  are  indicated,  b.  Co- 
immunoprecipitation  of  BRCA1  and  NBS1  with  RNA  polymerase  II  holoenzyme  components. 
Superose  6  fractions  48-51  (from  a)  were  pooled,  concentrated  on  phosphocellulose  using  a 
0.6M  KC1  step  elution  (lanes  2  and  5)  and  subjected  to  immunoprecipitation  with  an  RNA 
polymerase  II  large  subunit  (RPBl)-specific  monoclonal  antibody  8WG16  (lanes  4  and  7),  or  a 
p53-specific  monoclonal  antibody  PAb421  (lanes  3  and  6)  as  a  negative  control. 
Immunoprecipitated  proteins  were  eluted  from  covalently-coupled  antibody  columns  with 
glycine,  subjected  to  SDS-10%PAGE,  and  processed  either  by  silver  staining  (lanes  1-4)  or 
immunoblot  analysis  (lanes  5-7)  with  antibodies  specific  for  the  proteins  indicated  on  the  right. 
Molecular  weight  markers  are  indicated  on  the  left.  Lane  1  represents  highly  purified  core  RNA 
polymerase  II,  only  the  two  largest  subunits  of  which  stained  visibly  on  this  gel. 

Figure  3.  BRCA1,  Rad50,  and  NBS1  reside  in  stable  association  with  Mrell  and  additional 
polypeptides,  a.  Superose  6  gel  filtration  chromatography  of  Blue  Sepharose  and  DEAE- 
Sepharose  fractionated  proteins.  Pooled  Blue  Sepharose  fractions  13-15  (from  Fig.  1)  were 
applied  to  DEAE-Sepharose  and  peak  fractions  from  a  0.3M  KC1  step  elution  containing 
BRCA1,  Rad50,  NBS1,  and  Mrell  were  pooled  and  subjected  to  gel  filtration  on  Superose  6. 
Aliquots  of  individual  column  fractions  (numbered)  were  analyzed  by  immunoblot  analysis 
using  antibodies  specific  for  the  proteins  indicated  on  the  left.  Downward-pointing  arrows 
indicate  the  positions  of  marker  protein  peaks.  Fractions  corresponding  to  the  excluded  (void) 
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and  included  volume  of  the  Superose  6  column  are  indicated,  b.  Co-immunoprecipitation  of 
BRCA1,  Rad50,  and  Mrell  along  with  additional  polypeptides.  Superose  6  fractions  47-50 
(from  a)  were  pooled,  concentrated  on  phosphocellulose  using  a  0.5M  KC1  step  elution  (lanes  1 
and  4),  and  subjected  to  immunoprecipitation  with  a  Rad50-specific  monoclonal  antibody  13B3 
(lanes  2  and  6),  or  a  GST-specific  monoclonal  antibody  8G11  (lanes  3  and  5)  as  a  negative 
control.  Immunoprecipitated  proteins  were  eluted  from  covalently-coupled  antibody  columns 
with  glycine,  subjected  to  SDS-10%PAGE,  and  processed  either  by  silver  staining  (lanes  1-3)  or 
immunoblot  analysis  (lanes  4-6)  with  the  antibodies  specific  for  the  proteins  indicated  on  the 
right.  Molecular  weight  markers  are  indicated  on  the  left.  The  ~95  kDa  protein  specifically  co- 
immunoprecipitated  with  anti-Rad50  antibody  has  been  confirmed  by  immunoblot  analysis  to  be 
NBS1,  as  indicated  by  the  elongated  arrow. 

Figure  4.  Schematic  models  for  the  association  of  BRCA1,  Rad50,  and  NBS1  with 
transcription  and  DNA  repair  complexes,  (a)  The  RNA  polymerase  II  holoenzyme  and  the 
Rad50/Mrel  1/NBS1  DNA  double-strand  break  repair  complexes  are  physically  linked  in  vivo  to 
from  a  larger  complex  that  undergoes  fractionation  in  vitro  to  yield  stable  and  distinct 
multiprotein  assemblies.  This  model  would  imply  other  than  a  1:1  stoichiometric  ratio  of 
BRCA1,  Rad50,  and  NBS1  relative  to  other  proteins  within  the  larger  complex.  Presently,  the 
stoichiometry  of  these  proteins  in  complex  with  isolated  transcription  and  repair  activities  has 
not  been  elucidated,  (b)  The  RNA  polymerase  II  holoenzyme  and  the  Rad50/Mrel  1/NBS1 
complexes  exist  in  vivo  as  distinct  and  stable  multiprotein  assemblies  that  may  be  linked 
functionally  by  virtue  of  shared  subunits.  Shown  here  is  a  potential  dynamic  redistribution  of 
BRCA1,  Rad50,  and  NBS1  between  transcription  and  repair  complexes.  Cell-cycle  and/or  DNA 
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damage-induced  phosphorylation  could  represent  the  signal  that  specifies  the  association  of  these 
proteins  with  Mrel  1  and  additional  DNA  double-strand  break  repair  activities.  The  specific  cell 
signal(s)  that  directs  BRCA1,  Rad50,  and  NBS1  to  the  RNA  polymerase  II  holoenzyme  is 
unknown. 
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repression  of  the  estrogen  receptor 

Lei  Zheng*,  Lois  A.  Annate,  Cynthia  A.  Afshari*,  Wen-Hwa  Lee**,  and  Thomas  G.  Boyer** 

‘Department  of  Molecular  Medicine  and  Institute  of  Biotechnology,  University  of  Texas  Health  Science  Center,  15355  Lambda  Drive,  San  Antonio,  TX  78245; 
and  ’Laboratory  of  Molecular  Carcinogenesis,  National  Institute  of  Environmental  Health  Sciences,  Research  Triangle  Park,  NC  27709 

Edited  by  Robert  G.  Roeder,  The  Rockefeller  University,  New  York,  NY,  and  approved  June  19,  2001  (received  for  review  April  9,  2001) 


Mutational  inactivation  of  BRCA1  confers  a  cumulative  lifetime  risk 
of  breast  and  ovarian  cancers.  However,  the  underlying  basis  for 
the  tissue-restricted  tumor-suppressive  properties  of  BRCA1  re¬ 
mains  poorly  defined.  Here  we  show  that  BRCA1  mediates  ligand- 
independent  transcriptional  repression  of  the  estrogen  receptor  a 
(ERa),  a  principal  determinant  of  the  growth,  differentiation,  and 
normal  functional  status  of  breasts  and  ovaries.  In  Brcal-nutl 
mouse  embryo  fibroblasts  and  BRCAI-deficient  human  ovarian 
cancer  cells,  ERa  exhibited  ligand-independent  transcriptional  ac¬ 
tivity  that  was  not  observed  in  Brcal-proficient  cells.  Ectopic 
expression  in  Brcal-deficient  cells  of  wild-type  BRCA1,  but  not 
clinically  validated  BRCA1  missense  mutants,  restored  ligand-inde¬ 
pendent  repression  of  ERa  in  a  manner  dependent  upon  apparent 
histone  deacetylase  activity.  In  estrogen-dependent  human  breast 
cancer  cells,  chromatin  immunoprecipitation  analysis  revealed  the 
association  of  BRCA1  with  ERa  at  endogenous  estrogen-response 
elements  before,  but  not  after  estrogen  stimulation.  Collectively, 
these  results  reveal  BRCA1  to  be  a  ligand-reversible  barrier  to 
transcriptional  activation  by  unliganded  promoter-bound  ERa  and 
suggest  a  possible  mechanism  by  which  functional  inactivation 
of  BRCA1  could  promote  tumorigenesis  through  inappropriate 
hormonal  regulation  of  mammary  and  ovarian  epithelial  cell 
proliferation. 

Germline  inactivation  of  the  gene  that  encodes  BRCA1 
represents  a  predisposing  genetic  factor  in  « 15-45%  of 
hereditary  breast  cancers,  and  minimally  80%  of  combined 
hereditary  breast  and  ovarian  cancer  cases  (1).  Functionally, 
BRCA1  has  been  implicated  in  the  maintenance  of  global 
genome  stability  (2-4),  and  the  underlying  basis  for  this  activity 
likely  derives  from  its  central  role  in  the  cellular  response  to 
DNA  damage,  wherein  it  controls  both  DNA  damage  repair  and 
the  transcription  of  DNA  damage-inducible  genes  (5-14). 

Because  the  DNA  damage-induced  signaling  pathways  that 
converge  on  BRCA1  are  likely  to  be  conserved  in  most  cell  types, 
BRCA1  is  likely  to  occupy  a  fundamental  and  universally 
conserved  role  in  the  mammalian  DNA  damage  response. 
Nonetheless,  germ-line  inactivation  of  BRCA1  leads  predomi¬ 
nantly  to  cancer  of  the  breast  and  ovary,  and  the  underlying  basis 
for  its  tissue-restricted  tumor-suppressive  properties  thus  re¬ 
mains  undefined. 

At  least  two  hypotheses  have  been  proposed  to  explain  the 
tissue-specific  nature  of  BRCAl-mediated  tumor  suppression, 
both  of  which  invoke  a  role  for  estrogen  in  either  the  initiation 
or  promotion  of  tumor  formation  (15).  According  to  one  model, 
the  tissue-specific  tumor-suppressive  properties  of  BRCA1  de¬ 
rive,  at  least  in  part,  from  its  response  to  tissue-specific  DNA 
damage.  In  this  regard,  certain  oxidative  metabolites  of  estrogen 
itself  have  been  documented  to  be  genotoxic  in  nature  (16),  and 
BRCA1  may  therefore  play  a  role  in  protecting  breast  and 
ovarian  tissue  from  estrogen-induced  DNA  damage. 

A  second  model,  not  mutually  exclusive  with  the  one  described 
above,  to  account  for  the  this  tissue-specific  tumor-suppressive 
function  invokes  a  role  for  BRCA1  in  the  modulation  of  estrogen 
signaling  pathways  and,  hence,  the  expression  of  hormone- 
responsive  genes.  In  this  regard,  BRCA1  has  been  reported  to 


inhibit  estrogen-dependent  transactivation  by  the  estrogen  re¬ 
ceptor  a  (ERa)  through  its  direct  interaction  with  ERa  (17, 18). 
BRCA1  has  also  been  reported  to  enhance  androgen-dependent 
transactivation  by  the  androgen  receptor,  allelic  variants  of 
which  modify  cancer  penetrance  in  BRCA1  mutation  carriers 
(19-21).  Based  on  its  postulated  role  in  the  control  of  nuclear 
hormone  signaling  pathways,  BRCA1  could  therefore  influence 
epithelial  cell  proliferation  and,  by  implication,  cancer  risk  in 
tissues  such  as  breast  and  ovary. 

Herein,  we  describe  a  role  for  BRCA1  in  mediating  ligand- 
independent  transcriptional  repression  of  the  ERa.  Initial  ef¬ 
forts  to  elucidate  the  mechanistic  basis  for  this  repression  reveal 
that  BRCA1  represents  a  ligand-reversible  barrier  to  transcrip¬ 
tional  activation  by  unliganded  promoter-bound  ERa.  These 
findings  suggest  a  potential  role  for  BRCA1  in  the  proliferative 
control  of  normal  estrogen-regulated  tissues  and  a  potential 
basis  by  which  its  mutational  inactivation  could  promote  tumor¬ 
igenesis  through  inappropriate  hormonal  responses. 

Materials  and  Methods 

Cell  Culture.  p53-/—  (Brcal+/+)  and  p53-/~;  Brcal-/— 
(Brcal-/-)  mouse  embryonic  fibroblasts  (MEFs)  were  cul¬ 
tured  as  described  (14).  Human  MCF7  cells  were  maintained  in 
DMEM  supplemented  with  10%  FCS.  Human  BG-l-derived 
NEOl  and  AS4  cell  lines  were  maintained  as  described  (22). 
Depletion  of  hormone  ligands  for  nuclear/steroid  receptor 
activation  studies  was  achieved  by  cell  culture  in  medium  con¬ 
taining  either  10%  charcoal/dextran-treated  serum  (HyClone) 
or  defined  serum  replacement  2  (Sigma). 

Plasmids  and  Transfections.  Transfection  assays  were  performed 
by  using  the  following  conditions. 

Reporter  plasmids.  Used  at  0.5  pg  each,  including  pTRE(F2)- 
TK-Luc,  pGRE-TK-CAT,  pERE-TK-Luc,  or  pPRE-TK-CAT 
(23);  0.5  pg  of  pGAL4-SV40-Luc  containing  five  GAL4 
DNA-binding  sites  upstream  of  the  minimal  simian  virus  40 
(SV40)  promoter,  driving  expression  of  the  luciferase  reporter 
gene  in  the  pGL2  vector  (Promega);  and  0.5  pg  of  pGAL4- 
ElB-Luc  (24). 

Receptor  expression  plasmids.  Used  at  1.0  pg  each,  including 
RSV-hTR/3,  RSV-hGR,  RSV-hERa,  and  RSV-hPRj8  (23). 

BRCA1  expression  plasmids.  Used  at  1.0  pg  each,  including 
pcDNA3.1-BRCAl,  pcDNA3.1-BRCAl-A1708E,  pcDNA3.1- 
BRCA1-Q356R,  and  pcDNA3.1-BRCAl-A1708E/Q356R  ex¬ 
pressing  either  human  wild-type  BRCA1  or  familial  breast 
cancer-derived  BRCA1  mutants  (14). 


Abbreviations:  ERa,  estrogen  receptor  a;  MEF,  mouse  embryonic  fibroblast;  £2,  170- 
estradiol;  RT-PCR,  reverse  transcription-PCR;  HDAC,  histone  deacetylase;  ChIP,  chromatin 
immunoprecipitation;  AF-1,  N-terminal  ligand-independent  activation  function;  AF-2,  C- 
terminal  ligand-inducible  activation  function. 

*To  whom  reprint  requests  may  be  addressed.  E-mail:  leew@uthscsa.edu  or  boyer@ 
uthscsa.edu. 
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Chimeric  activators.  Used  at  1.0  /ig  of  GAL4-ERa,  generated 
by  an  amino-terminal  fusion  of  ERa  with  the  GAL4  DNA- 
binding  domain  in  pM3  (25);  0.1  p.g  of  pVP16-GAL4  or 
pVP16-GAL4-ERa  containing  ERa  amino  acids  251-595,  as 
described  (26). 

MEFs  (6  X  104)  or  BG-1  cells  (2  X  105)  cultured  in  ligand-free 
medium  were  transfected  by  Lipofectin-based  methods  under 
serum-free  conditions.  Culture  medium  was  replaced  with  fresh 
ligand-free  medium  24  h  after  transfection,  and  10-7  M  17/3- 
estradiol  (E2)  or  330  nM  trichostatin  A  was  added  as  indicated. 
Cells  were  harvested  48  h  after  transfection  for  luciferase  assay 
as  described  (14)  or  chloramphenicol  acetyltransferase  (CAT) 
assay  by  liquid  scintillation  counting  (Promega). 

Reverse  Transcription  (RT)-PCR  Analysis.  BG-l-derived  cells  were 
cultured  in  ligand-free  medium  for  at  least  5  days,  and  treated 
with  10-7  M  E2  for  1  h  as  indicated.  Approximately  15  /zg  of  total 
cellular  RNA  was  subjected  to  semiquantitative  RT-PCR  anal¬ 
ysis  following  a  procedure  previously  described  for  estrogen- 
responsive  genes  (27,  28). 

Chromatin  Immunoprecipitation  (ChIP).  MCF7  cells  were  cultured 
in  ligand-free  medium  for  at  least  5  days  and  treated  with  10~7 
E2  for  1  h  as  indicated.  ChIP  assays  were  performed  as 
described  (29). 

Antibodies.  Antibodies  used  for  soluble  and  chromatin  immuno- 
precipitations  and  immunoblot  analyses  were  as  follows:  BRCA1 
(mAb  6B4);  ERa  (rabbit  polyclonal  antibody  HC-20  or  mouse 
mAb  D-12,  Santa  Cruz  Biotechnology);  CtIP  (mAb  19E8); 
TFIIH  p89  (rabbit  polyclonal  antibody  S-19,  Santa  Cruz  Bio¬ 
technology);  glutathione  5-transferase  (MAb  8G11);  RNA  poly¬ 
merase  II  large  subunit  (mAb  8WG16);  cathepsin  D  (rabbit 
polyclonal  antibody  06-467,  Upstate  Biotechnology,  Lake  Placid, 
NY);  pS2  (mouse  mAb  V3030,  Biomeda,  Hayward,  CA);  human 
progesterone  receptor  /3  (mouse  mAb  PriB-30,  Santa  Cruz 
Biotechnology);  p84  (mAb  5E10). 

Results 

BRCA1  has  been  shown  to  modulate  the  ligand-dependent 
transcriptional  activity  of  specific  members  of  the  nuclear 
hormone  receptor  family  (17-20).  However,  endogenous 
BRCA1  present  in  the  transfected  cell  lines  used  in  previous 
studies  precluded  analysis  of  the  effect  of  BRCA1  on  the 
ligand-independent  function  of  these  receptors.  Therefore,  to 
more  directly  assess  the  role  of  BRCA1  in  nuclear  receptor 
transactivation  without  competition  from  endogenous 
BRCA1,  we  analyzed  a  panel  of  nuclear  receptors  for  their 
respective  ligand-independent  transcriptional  activities  in 
Brcal-nullizygous  MEFs. 

A  set  of  minimal  thymidine  kinase  (TK)  promoters,  each 
under  control  of  distinct  hormone-response  elements  specific  for 
either  the  human  thyroid  receptor  /3  (TR/3),  the  glucocorticoid 
receptor  (GR),  the  ERa,  or  the  progesterone  receptor  /3  (PR/3) 
were  individually  tested  for  their  respective  abilities  to  direct 
expression  of  a  reporter  gene  in  the  absence  or  presence  of  each 
corresponding  receptor  (absent  ligand)  after  transfection  into 
Brcal-proficient  (Brcal+/+)  or  Brcal-deficient  (Brcal-/— ) 
MEFs  (14).  Unexpectedly,  we  observed  significant  ligand- 
independent  activation  of  reporter  gene  expression  directed  by 
both  the  progesterone  receptor  /3  and  the  ERa  in  Brcal-deficient 
MEFs  compared  with  Brcal-proficient  MEFs  (Fig.  L4).  By 
contrast,  no  ligand-independent  stimulation  of  reporter  activity 
directed  by  either  the  thyroid  receptor  /3  or  the  glucocorticoid 
receptor  could  be  observed  in  Brcal-deficient  MEFs  (Fig.  1A). 
Interestingly,  although  E2  activated  the  ERa  in  both  Brcal- 
proficient  and  Brcal-deficient  MEFs,  the  relative  level  of  in¬ 
duction  observed  in  Brcal-deficient  MEFs  was  diminished  2-fold 
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Fig.  1.  BRCA1  mediates  ligand-independent  repression  of  the  receptors  for 
estrogen  and  progesterone.  (A)  Brcal +/+  and  Brcal-/-  MEFs  in  hormone- 
free  media  were  transfected  with  reporter  plasmids  (pTK-Luc  or  pTK-CAT) 
carrying  response  elements  specific  for  individual  hormone  receptors  without 
(-)  or  with  (+)  plasmids  expressing  the  human  thyroid  receptor  /3  (hTR), 
glucocorticoid  receptor  (hGR),  estrogen  receptor  a  (hER),  or  progesterone 
receptor  p  (hPR).  Transfections  performed  without  (-)  receptor  expression 
plasmids  were  performed  instead  with  a  molar  equivalent  of  the  backbone 
expression  plasmid  pRSV.  The  relative  transactivation  level  represents  the 
fold-increase  in  transfected  reporter  gene  activity  measured  in  cells  cotrans¬ 
fected  with  a  specific  receptor  expression  plasmid  relative  to  the  level  of 
transfected  reporter  gene  activity  measured  in  cells  cotransfected  with  the 
backbone  pRSV  expression  plasmid.  Reporter  gene  activity  was  first  normal¬ 
ized  to  /3-galactosidase  activity  obtained  by  cotransfection  of  an  internal 
control  pSV40-|3-gal  expression  plasmid  as  described  (14).  Expression  of  the 
pSV40-/3-gal  plasmid  was  not  affected  by  the  absence  of  presence  of  BRCA1  or 
any  of  the  nuclear  hormone  receptors  analyzed  (data  not  shown).  (B) 
Brcal +/+  and  Brcal-/-  MEFs  in  estrogen-free  media  were  transfected  with 
pERE-TK-Luc  carrying  three  copies  of  the  consensus  estrogen  response  ele¬ 
ment  (ERE)  with  (+)  pRSV-ERa  in  the  absence  (-)  or  presence  (+)  of  E2  (10~7 
M)  before  assay  for  luciferase  activity.  The  relative  induction  level  represents 
the  relative  transactivation  level  measured  in  the  presence  of  E2  divided  by  the 
relative  transactivation  level  measured  in  the  absence  of  E2.  (O  Brcal +/+ 
(lanes  1-3)  and  Brcal  -/-  (lanes  4-6)  MEFs  either  untransfected  (lanes  1  and 
4)  ortransfected  (lanes  2, 3,  5,  and  6)  with  an  ERa-expressing  vector  were  lysed, 
and  immunoprecipitated  ERa  was  immunoblotted  with  ERa-specific  antibod¬ 
ies  (Upper).  Immunoblot  analysis  of  the  nuclear  matrix  protein  p84  (Lower) 
indicates  that  nearly  equivalent  amounts  of  each  cell  lysate  were  used  in  the 
immunoprecipitations. 


relative  to  Brcal-proficient  MEFs  (Fig.  IB).  We  confirmed  by 
immunoblot  analysis  that  the  transfected  ERa  was  expressed 
equivalently  in  BRCAl-proficient  and  BRCAl-deficient  MEFs, 
thus  excluding  the  possibility  that  differences  in  receptor  activity 
derive  from  differences  in  receptor  protein  expression  (Fig.  1C). 

Ectopic  expression  of  wild-type  BRCA1  in  Brcal-deficient 
MEFs  repressed  ligand-independent  activation  directed  by  ERa 
(Fig.  24).  Likewise,  a  BRCA1  derivative  carrying  a  familial 
breast  cancer-derived  missense  mutation  in  the  ring  finger 
(C64G)  also  repressed  ligand-independent  activation  by  ERa 
(Fig.  2 A).  By  contrast,  BRCA1  derivatives  carrying  familial 
breast  cancer-derived  missense  mutations  in  either  an  exon 
11-encoded  region  that  binds  Rad50  and  the  transcriptional 
repressor  ZBRK1  (Q356R)  or  the  C-terminal  BRCT  domain 
(A1708E)  abolished  the  ability  of  BRCA1  to  repress  ligand- 
independent  transactivation  directed  by  ERa  (Fig.  2,4).  Differ¬ 
ences  in  the  transcriptional  repression  activities  of  the  various 
BRCA1  mutant  derivatives  could  not  be  attributed  to  differences 
in  their  respective  levels  of  expression  because  each  of  the 
BRCA1  mutant  derivatives  was  expressed  at  a  level  comparable 
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Fig.  2.  Ectopic  expression  of  wild-type  BRCA1  in  Brcal-deficient  MEFs  re¬ 
stores  ligand-independent  repression  of  ERa  transactivation  in  a  histone 
deacetylase  (HDAC)-dependent  manner.  ( A  and  B)  Brcal  -/-  MEFs  in  estro¬ 
gen-free  media  were  transfected  with  pERE-TK-Luc  without  (-)  or  with  (+) 
pRSV-ERa,  pCDNAB.I-BRCAl  expressing  wild-type  human  BRCA1  (WT),  or 
pCDNA3.1-BRCA1  derivatives  bearing  missense  mutants  A1708E,  Q356R, 
A1 708E/Q356R,  or  C64G  before  assay  for  luciferase  activity.  Where  indicated, 
trichostatin  A  (TSA;  330  nM)  was  also  included.  (C)  Brcal-/-  MEFs  in  estro- 
gen-free  media  were  untransfected  (lane  1)  or  cotransfected  with  expression 
vectors  for  ERa  and  either  wild-type  BRCA1  (lane  2)  or  various  BRCA1  mutant 
derivatives  (lanes  3-6)  as  indicated.  Cells  were  lysed,  and  immunoprecipitated 
BRCA1  and  ERa  were  subjected  to  immunoblot  analysis  using  antibodies 
specific  for  BRCA1  (Top)  or  ERa  (Middle).  Immunoblot  analysis  of  the  nuclear 
matrix  protein  p84  (Bottom)  indicates  that  nearly  equivalent  amounts  of  each 
cell  lysate  were  used  in  the  immunoprecipftations. 


to  wild-type  BRCA1  (Fig.  2 C).  BRCAl-mediated,  ligand- 
independent  repression  of  ERa  was  largely  reversed  by  tricho¬ 
statin  A,  implicating  histone  deacetylase  (HDAC)  activity  in  this 
process  (Fig.  2 B).  Collectively,  these  results  reveal  a  function  for 
BRCA1  as  a  repressor  of  ligand-independent,  ERa-mediated 
transactivation. 

To  confirm  these  results  in  a  biologically  relevant  cell  type,  we 
analyzed  the  ligand-independent  activity  of  ERa  in  human 
ovarian  adenocarcinoma  BG-1  cells,  which  are  ERa-positive  and 
estrogen-dependent  for  growth  (30).  Previously,  Annab  et  al. 
(22)  described  the  generation  of  independent  BG-1  clonal  cell 
lines  that  support  stably  reduced  BRCA1  mRNA  and  protein 
levels  by  retroviral-mediated  BRCA1  antisense  delivery.  We 
tested  the  ability  of  ERa  to  direct  ligand-independent  transcrip¬ 
tion  of  the  ERE-TK-Luc  reporter  gene  after  transfection  into 
either  a  control  retroviral  vector-infected  BG-1  clonal  cell  line 
(NEOl)  or,  alternatively,  a  BRCA1  antisense-infected  BG-1 
clonal  cell  line  (AS4)  exhibiting  severely  reduced  BRCA1  ex¬ 
pression  levels  (Fig.  3 E;  ref.  22).  Consistent  with  the  results 
obtained  in  MEF  cells,  ERa  exhibited  significantly  increased 
ligand-independent  activity  in  BRCAl-deficient  AS4  cells  com¬ 
pared  with  BRCAl-proficient  NEOl  cells  (Fig.  3 A).  We  also 
observed  a  2-fold  reduction  in  the  relative  level  of  E2-mediated 
induction  of  reporter  gene  activity  in  AS4  cells  compared  with 
NEOl  cells,  once  again  consistent  with  the  results  obtained  in 
MEF  cells  (Fig.  3 B).  These  results  confirm  that  in  a  biologically 
relevant  epithelial  cell  type,  BRCA1  can  mediate  repression  of 
ligand-independent  ERa  transactivation  activity. 

To  determine  whether  the  reduced  BRCA1  expression  levels 
in  AS4  cells  could  be  correlated  with  an  increase  in  the  ligand- 
independent  expression  of  endogenous  estrogen-responsive 
genes,  we  performed  a  direct  comparative  analysis  of  NEOl  and 
AS4  cells  with  respect  to  their  ligand-independent  expression  of 
several  estrogen-responsive  genes.  Individual  monolayer  cul¬ 
tures  of  NEOl  and  AS4  cells  were  grown  in  the  absence  of 
estrogen  for  5  days  followed  by  the  addition  of  either  no 
hormone  or,  alternatively,  E2  (10“7  M)  for  1  h.  Subsequently, 
cells  were  harvested  and  analyzed  by  semiquantitative  RT-PCR 
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Fig.  3.  Reduced  BRCA1  expression  in  BG-1  human  ovarian  adenocarcinoma 
cells  is  accompanied  by  increases  in  estrogen-independent  expression  of 
estrogen-responsive  genes.  (A)  Retroviral  vector-infected  (NEOl)  and  BRCA1 
antisense-infected  (AS4)  BG-1  cell  clones  in  estrogen-free  media  were  trans¬ 
fected  with  pERE-TK-Luc  without  (-)  or  with  (+)  pRSV-ERa  before  assay  for 
luciferase  activity.  (B)  NEOl  and  AS4  cells  in  estrogen-free  media  were  trans¬ 
fected  with  pERE-TK-Luc  with  (+)  pRSV-ERa  in  the  absence  (-)  or  presence  (+) 
of  E2  (1CT7  M)  before  assay  for  luciferase  activity.  (O  NEOl  (lanes  1  and  3)  or 
AS4  (lanes  2  and  4)  cells  in  estrogen-free  media  were  either  untreated  (lanes 
1  and  2)  or  treated  (lanes  3  and  4)  with  E2  (1 0-7  M)  for  1  h.  Cells  were  harvested 
and  processed  for  semiquantitative  RT-PCR  analysis  using  primers  specific  for 
the  estrogen-responsive  cathepsin  D  (Cat  D),  pS2,  and  progesterone  receptor 
genes,  as  well  as  the  estrogen-nonresponsive  ribosomal  SI  6  gene.  (D)  NEOl 
(lanes  1  and  3)  or  AS4  (lanes  2  and  4)  cells  (5  x  1 06)  in  estrogen-free  media  were 
either  untreated  (lanes  1  and  2)  or  treated  (lanes  3  and  4)  with  E2  (10  7  M)for 
24  h.  Culture  medium  was  concentrated  10-fold  by  using  a  Centriprep  YM-3 
device,  and  1  /10th  of  the  concentrate  was  resolved  by  SDS/15%PAGE  and 
processed  for  immunoblot  analysis  using  antibodies  specificfor  pS2.  Cells  were 
also  lysed  in  RIPA  buffer,  and  1  /1 0th  of  the  lysate  was  subjected  to  immuno¬ 
blot  analysis  using  antibodies  specific  for  progesterone  receptor  p  (PR),  ca¬ 
thepsin  D  (Cat  D),  or  nuclear  matrix  protein  p84,  which  served  as  an  internal 
loading  control.  (£)  Whole  cell  lysates  derived  from  NEOl  and  AS4  cells  were 
resolved  by  SDS/10%PAGE  and  processed  for  immunoblot  analysis  using 
antibodies  specific  for  BRCA1,  CtIP,  and  the  p89  subunit  of  the  transcription 
factor  IIH  (TFIIH),  the  latter  two  of  which  served  as  internal  loading  controls. 
The  ERu-positive  status  of  these  cells  was  verified  by  using  an  ERa-specific 
rabbit  polyclonal  antibody.  Densitometric  quantitation  of  the  immunoblot 
and  normalization  to  the  CtIP  and  TFIIH  signals  revealed  BRCA1  expression  to 
be  reduced  by  70%  in  AS4  cells  compared  with  NEOl  cells. 


for  the  expression  levels  of  the  endogenous  estrogen-responsive 
pS2,  cathepsin  D,  and  progesterone  receptor  genes. 

Relative  to  the  expression  level  of  an  internal  control  ribo¬ 
somal  S16  gene,  we  observed  increases  in  the  ligand-independent 
expression  levels  of  the  pS2,  cathepsin  D,  and  progesterone 
receptor  genes  of  3-,  5-,  and  9-fold,  respectively,  in  BRCA1- 
deficient  AS4  cells  compared  with  BRCAl-proficient  NEOl 
cells  (Fig.  3C).  Interestingly,  although  the  addition  of  E2  stim¬ 
ulated  transcription  of  the  pS2,  cathepsin  D,  and  the  progester¬ 
one  receptor  genes  in  NEOl  cells,  no  such  E2-dependent 
increase  in  the  transcription  of  these  genes  could  be  observed  in 
AS4  cells  (Fig.  3C).  Qualitatively  similar  results  were  observed 
at  the  protein  level  by  immunoblot  analysis.  Relative  to  the  level 
of  an  internal  control  protein  (nuclear  matrix  protein  p84), 
E2-independent  increases  in  the  steady-state  levels  of  the  pS2, 
cathepsin  D,  and  progesterone  receptor  proteins  could  be  ob¬ 
served  in  AS4  cells  compared  with  NEOl  cells  (Fig.  3D). 
Furthermore,  although  the  addition  of  E2  elevated  the  steady- 
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Fig.  4.  BRCA1  represses  unliganded  promoter-bound  ERa-mediated  transactivation.  ( A )  Brcal  +/+  and  Brcal-/-  MEFs  were  transfected  with  a  pGAL4-SV40- 
Luc  reporter  plasmid  either  without  (-)  or  with  (+)  a  pGAL4-ERa  expression  plasmid  before  assay  for  luciferase  activity.  (B)  Schematic  diagram  of  thecathepsin 
D  (Cat  D)  and  pS2  gene  regions  targeted  for  ChIP  analysis.  Negative  numbers  refer  to  sequence  coordinates  that  delimit  PCR  amplicons  defined  by  gene-specific 
primer  pairs  relative  to  the  transcription  initiation  site  (right-angled  arrow).  Numbered  nucleotides  (nt)  refer  to  the  expected  sizes  of  PCR-amplified  products. 
MCF-7  cells,  cultured  the  absence  of  estrogen,  were  treated  without  (-E2)  or  with  (+E2)  E2  (10-7  M)  for  1  h.  Soluble  chromatin  was  prepared  and  subjected  to 
immunoprecipitation  by  using  monoclonal  antibodies  specific  for  ER«  (anti-ERa),  BRCA1  (anti-BRCAl),  or  the  RNA  polymerase  II  large  subunit  (anti-pol  II). 
Immunoprecipitated  DNA  was  PCR-amplified  by  using  primers  that  span  the  indicated  regions  of  the  cathepsin  D  and  pS2  gene  promoters.  Input  (1  %)  of  the 
soluble  chromatin  subjected  to  immunoprecipitation  was  PCR-amplified  directly  by  using  each  primer  pair  as  indicated.  (C)  MCF-7  cells,  cultured  in  the  absence 
of  estrogen,  were  treated  without  (-E2)  or  with  (+E2)  E2  (10-7  M)  for  1  h  before  harvest  and  processing  for  semiquantitative  RT-PCR  analysis  using  primers 
specific  for  the  estrogen-responsive  cathepsin  D  (Cat  D)  and  pS2  genes,  as  well  as  the  estrogen-nonresponsive  ribosomal  SI  6  gene. 


state  level  of  each  of  these  proteins  in  NEOl  cells,  no  such 
E2-dependent  increase  could  be  observed  in  AS4  cells  (Fig.  3D). 
Quantitative  differences  between  RT-PCR  and  immunoblot 
analyses  could  reflect  the  influence  of  posttranscriptional  reg¬ 
ulatory  processes.  Nonetheless,  RT-PCR  and  immunoblot  anal¬ 
yses  both  reveal  that  the  ligand-independent  expression  of 
endogenous  ERa-target  genes  is  increased  in  BRCAl-deficient 
cells.  Collectively,  these  results  implicate  BRCA1  in  the  ligand- 
independent  repression  of  endogenous  estrogen-responsive 
genes. 

To  explore  the  mechanism  by  which  BRCA1  mediates  ligand- 
independent  repression  of  ERa,  we  first  determined  whether 
BRCA1  could  interact  with  unliganded  ERa  in  vivo  by  coim- 
munoprecipitation  of  the  two  proteins  in  human  breast  cancer 
MCF7  cells  cultured  in  the  absence  of  estrogen.  Consistent  with 
previous  results  (18),  BRCA1  could  be  specifically  coimmuno- 
precipitated  with  unliganded  ERa,  thus  demonstrating  that  the 
two  proteins  can  interact  in  vivo  in  a  ligand-independent  manner 
(data  not  shown). 

To  explore  the  possibility  that  BRCA1  represses  the  transac¬ 
tivation  function  of  promoter-bound,  unliganded  ERa,  we  first 
tested  the  effect  of  BRCA1  on  the  ligand-independent  transcrip¬ 
tional  activity  of  ERa  tethered  to  the  yeast  GAL4  DNA-binding 
domain  by  using  a  reporter  template  bearing  GAL4  DNA- 
binding  sites.  This  approach  permitted  us  to  assess  the  effect  of 
BRCA1  on  the  transactivation  function  of  unliganded  ERa 
independent  of  any  effects  that  BRCA1  might  have  on  the 
DNA-binding  activity  of  unliganded  ERa.  GAL4-ERa  was 
cotransfected  along  with  a  GAL4-SV40-luciferase  reporter  tem¬ 
plate  into  Brcal-proficient  and  Brcal-deficient  MEFs.  We  ob¬ 
served  significant  ligand-independent  stimulation  of  reporter 
activity  in  Brcal-deficient,  but  not  in  Brcal-proficient,  MEFs 
(Fig.  4/4),  suggesting  one  mechanism  by  which  BRCA1  mediates 
ligand-independent  repression  of  ERa  is  through  direct  repres¬ 
sion  of  the  DNA-bound  receptor. 

To  confirm  this  observation  under  biologically  relevant  con¬ 
ditions  in  vivo,  we  used  ChIP  analyses  to  determine  whether 
BRCA1  can  be  recruited  directly  to  estrogen-responsive  pro¬ 
moters  in  the  absence  of  ligand.  MCF-7  cells  were  grown  in  the 
absence  of  estrogen  for  5  days  followed  by  the  addition  of  either 
no  hormone  or,  alternatively,  E2  (10-7  M)  for  1  h.  Promoter 
occupancy  before  and  after  E2  treatment  at  the  estrogen  re¬ 
sponse  elements  within  the  endogenous  pS2  and  cathepsin  D 
gene  promoters  by  ERa,  BRCA1,  and  RNA  polymerase  II  was 


then  monitored  by  ChIP  using  antibodies  specific  for  each  of  the 
three  proteins  and  semiquantitative  PCR  with  primers  flanking 
the  estrogen  response  elements  of  the  pS2  and  cathepsin  D 
promoters.  In  the  absence  of  E2,  ERa  could  be  detected  in 
association  with  both  the  pS2  and  cathepsin  D  promoters,  and 
this  level  was  increased  dramatically  by  the  addition  of  E2  (Fig. 
AB,  lanes  2  and  6).  Strikingly,  we  also  observed  pS2  and  cathepsin 
D  promoter  occupancy  by  BRCA1  in  the  absence  of  E2,  and  a 
reduction  in  such  occupancy  after  E2  treatment  (Fig.  AB,  lanes 
3  and  7).  By  contrast,  RNA  polymerase  II  could  be  detected  only 
following,  but  not  before,  E2  treatment,  consistent  with  its 
ligand-dependent  recruitment  concomitant  with  transcriptional 
activation  of  the  pS2  and  cathepsin  D  genes  (Fig.  AB,  lanes  4  and 
8  and  C,  lanes  1  and  2).  The  specificity  of  factor  association 
within  the  estrogen-responsive  region  of  the  pS2  and  cathepsin 
D  promoters  was  confirmed  by  ChIP  analysis  using  antibodies 
specific  for  ZBRK1,  a  sequence-specific  DNA-binding  transcrip¬ 
tional  repressor  that  does  not  bind  to  pS2  or  cathepsin  D 
promoter  sequences  (14).  ZBRKl-specific  antibodies  failed  to 
immunoprecipitate  pS2  and  cathepsin  D  promoter  sequences 
(data  not  shown).  Further  specificity  of  the  ChIP  assay  was 
demonstrated  by  the  inability  to  detect  occupancy  by  ERa, 
BRCA1,  or  RNA  polymerase  II  of  a  region  ~3  kb  upstream  of 
the  cathepsin  D  promoter  (Fig.  AB).  These  results  thus  reveal  the 
association  of  BRCA1  with  unliganded  ERa  at  endogenous 
estrogen-responsive  promoters  under  physiologically  relevant 
conditions  in  vivo. 

Like  other  steroid  receptors,  ERa  contains  two  transactiva¬ 
tion  domains,  an  N-terminal  ligand-independent  activation  func¬ 
tion  (AF-1)  that  is  targeted  by  a  variety  of  steroid-independent 
cell-signaling  pathways,  and  a  C-terminal  ligand-inducible  acti¬ 
vation  function  (AF-2)  that  resides  within  the  receptor  ligand¬ 
binding  domain  (31,  32).  Previous  analyses  of  ERa  suggest  a 
model  whereby  repressive  factors  binding  to  sequences  within  its 
C-terminal  ligand-binding  domain  repress  constitutively  active 
AF-1  in  the  absence  of  an  agonist  or  in  the  presence  of  an 
antagonist  (26,  33).  To  determine  whether  ligand-independent 
repression  of  ERa  by  BRCA1  is  mediated  through  the  ERa 
ligand-binding  domain,  we  tested  the  ligand-independent  activ¬ 
ity  of  a  VP16-GAL4-ERa  receptor  chimera  after  its  expression 
in  both  BRCAl-proficient  and  BRCAl-deficient  BG-1  clonal 
cell  lines.  This  chimera  encodes  ERa  amino  acids  251-595, 
including  the  hinge  region  and  the  ligand-binding  domain,  fused 
C-terminally  to  the  hybrid  transactivator  VP16-GAL4  (26). 
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Fig.  5.  VP16-GAL4-ERa  exhibits  hormone-dependent  activity  in  BRCA1- 
proficient  cells  and  constitutive  activity  in  BRCA1 -deficient  cells.  NEOI  (A  and 
B )  and  AS4  (O  cells  in  estrogen-free  media  were  transfected  with  a  GAL4-E1B- 
Luc  reporter  plasmid  along  with  (+)  plasmids  expressing  either  VP16-GAL4  or 
VP16-GAL4-ERa.  Subsequently,  transfected  cells  were  either  untreated  (-)  or 
treated  (+)  with  E2  (10~7  M)  before  assay  for  luciferase  activity. 

Previously,  deletion  analysis  of  this  receptor  chimera  revealed 
that  constitutive  VP16-GAL4-ERa  activity  could  be  recovered 
by  the  removal  of  sequences  within  the  ligand-binding  domain  of 
the  ERa  moiety,  thereby  implicating  the  ERa  ligand-binding 
domain  in  ligand-independent  transcriptional  repression  of  a 
neighboring  constitutive  activation  domain  (26).  To  determine 
whether  this  ligand-independent  repression  is  mediated  by 
BRCA1,  we  transfected  the  VP16-GAL4-ERa  chimera  along 
with  a  reporter  template  bearing  GAL4  DNA  binding  sites  into 
both  BRCAl-proficient  NEOI  cells  and  BRCAl-deficient  AS4 
cells.  In  NEOI  cells,  the  VP16-GAL4-ERa  chimera  exhibited 
minimal  constitutive  transactivation  activity  in  the  absence  of 
E2;  in  response  to  E2,  this  level  was  dramatically  increased  to  one 
approaching  that  of  the  potent  VP16-GAL4  activator  alone  (Fig. 
5  A  and  B).  By  contrast,  in  AS4  cells  the  VP16-GAL4-ERa 
chimera  exhibited  constitutive  transactivation  activity  compara¬ 
ble  to  that  exhibited  by  the  VP16-GAL4  activator  alone  (Fig. 
5C).  The  addition  of  E2  had  a  minimal  effect  on  the  elevated 
constitutive  transactivation  activity  of  the  ERa  chimera  in  AS4 
cells  (data  not  shown),  suggesting  that  the  principle  effect  of  E2 
is  to  override  a  ligand-independent  barrier  to  the  transactivation 
activity  of  the  chimeric  receptor.  This  barrier  is  present  in  NEOI 
cells,  but  deficient  in  AS4  cells.  Similar  results  were  also  ob¬ 
served  by  using  isogenic  Brcal-proficient  and  Brcal-deficient 
MEFs,  eliminating  the  possibility  that  cell  type-specific  pecu¬ 
liarities  contribute  to  the  differential  transactivation  properties 
of  the  VP16-GAL4-ERa  chimera  in  the  presence  and  absence  of 
BRCA1  (data  not  shown).  Collectively,  these  results  reveal  the 
ERa  ligand-binding  domain  to  be  a  platform  for  the  recruitment 
of  BRCA1  from  which  the  latter  may  confer  ligand-independent 
repression  on  a  linked  activation  domain.  Hence,  we  conclude 
that  BRCAl-mediated  ligand-independent  repression  of  ERa  is 
likely  to  be  mediated  through  the  ERa  ligand-binding  domain. 

Discussion 

Recently,  BRCA1  has  been  proposed  to  inhibit  the  ligand- 
dependent  transcriptional  activity  of  ERa  through  a  direct 
interaction  between  the  two  proteins  (18).  Our  current  analysis 
of  ERa  transcriptional  activity  in  Brcal-nullizygous  MEFs  re¬ 
vealed  BRCA1  to  be  a  ligand-reversible  barrier  to  transcriptional 
activation  by  unliganded  ERa.  The  biological  relevance  of  this 
finding  is  further  strengthened  by  the  observation  that  BRCA1 
also  mediates  ligand-independent  repression  of  the  ERa  in 
human  ovarian  adenocarcinoma  cells. 

The  underlying  mechanism  by  which  BRCA1  mediates  ligand- 
independent  repression  of  ERa  transcriptional  activity  appears 


to  involve  targeted  recruitment  by  unliganded,  promoter-bound 
ERa  of  a  BRCAl-associated  HDAC  activity.  This  conclusion  is 
based  first  on  the  observation  that  the  HDAC  inhibitor  tricho- 
statin  A  can  effectively  reverse  ligand-independent  repression 
mediated  by  BRCA1  and,  second,  on  the  results  of  ChIP 
analyses,  which  revealed  the  association  of  unliganded  ERa  with 
BRCA1  on  endogenous  estrogen-response  elements  in  vivo.  A 
likely  target  of  BRCAl-mediated  ligand-independent  ERa  re¬ 
pression  is  the  constitutive  AF-1  activation  domain  within  ERa. 
Previous  studies  have  indicated  that  antagonist-bound  AF-2  can 
repress  AF-1  activity  through  the  recruitment  of  the  nuclear 
corepressor  N-CoR  (33),  whereas  the  ligand-binding  domain  of 
unliganded  ERa  can  repress  a  linked  heterologous  activation 
domain  in  a  ligand-reversible  manner,  presumably  by  the  re¬ 
cruitment  of  a  soluble  corepressor  (26).  Our  observation  that  an 
estrogen-dependent  VP16-GAL4  chimeric  transactivator  carry¬ 
ing  the  ERa  ligand-binding  domain  exhibits  constitutive  activity 
in  BRCAl-deficient,  but  not  in  BRCAl-proficient  BG-1  cells, 
reveals  the  ERa  ligand-binding  domain  to  be  a  potential  site  of 
BRCA1  recruitment  for  ligand-independent  repression  of  a 
linked  activation  domain.  Hence,  BRCA1  could  be  recruited  to 
the  ERa  ligand-binding  domain  as  part  of  a  larger  repression 
complex  to  silence  AF-1  function  in  the  absence  of  ligand.  The 
recent  report  of  a  direct  interaction  between  BRCA1  and  the 
ERa  ligand-binding  domain  (18)  lends  additional  support  to  this 
model. 

Should  BRCA1  function  to  inhibit  the  ligand-dependent  tran¬ 
scriptional  activity  of  ERa  (17,  18),  it  seems  unlikely  to  do  so 
through  a  mechanism  that  involves  promoter-bound  ERa.  Our 
ChIP  analysis  revealed  the  association  of  BRCA1  with  ERa  at 
endogenous  estrogen-response  elements  before,  but  not  after, 
estrogen  stimulation.  Thus,  we  favor  a  model  in  which  BRCA1, 
along  with  an  associated  corepressor(s)  that  minimally  includes 
an  HDAC  activity,  is  recruited  by  unliganded,  promoter-bound 
ERa  to  effectively  silence  the  constitutive  AF-1  activation 
domain  and  thereby  repress  estrogen-responsive  target  gene 
transcription.  After  estrogen  stimulation,  a  ligand-induced  con¬ 
formational  change  within  ERa  could  lead  to  enhanced  affinity 
of  the  ERa  for  its  cognate  binding  site  and  release  of  a 
BRCAl-containing  repression  complex,  thereby  liberating  AF-1 
and  AF-2  to  synergistically  recruit  coactivators  and  the  RNA 
polymerase  II  holoenzyme  to  promote  transcription  (29).  It  is 
also  possible  that  BRCA1  could  function  additionally  as  a  barrier 
to  the  productive  association  of  either  unliganded  and/or  ligan- 
ded  ERa  with  promoter  DNA,  and  this  could  underlie  the 
previous  observation  that  BRCA1  can  inhibit  ligand-dependent 
ERa  transactivation  (17,  18). 

Interestingly,  we  observed  that  a  deficiency  of  BRCA1  also 
leads  to  a  reduction  in  the  relative  level  of  E2-mediated  ERa 
activation.  In  both  Brcal-nullizygous  MEFs  and  BRCA1- 
deficient  BG-1  (AS4)  cells,  the  relative  level  of  E2-mediated 
activation  of  a  transfected  ERa-responsive  reporter  gene  was 
diminished  when  compared  with  Brcal-proficient  cells.  Further¬ 
more,  in  AS4  cells,  the  endogenous  estrogen-response  genes  that 
we  monitored  exhibited  increased  estrogen-independent  expres¬ 
sion  and  little  or  no  estrogen-dependent  stimulation  when 
compared  with  BRCAl-proficient  BG-1  (NEOI)  cells.  It  is 
possible  that  the  expression  of  these  genes  is  largely  derepressed 
in  a  BRCAl-deficient  background  and  cannot  therefore  be 
increased  substantially  in  response  to  estrogen. 

Previously,  Annab  et  al.  (22)  demonstrated  that  relative  to 
parental  or  retroviral  vector-infected  BG-1  cell  clones,  BRCA1 
antisense-infected  BG-1  cell  clones  exhibit  enhanced  estrogen- 
independent  growth  in  culture  (22).  Furthermore,  BG-1  clone 
AS4,  which  exhibits  severely  reduced  BRCA1  expression  levels, 
exhibited  increased  tumorigenicity  in  ovariectomized  nude  mice 
compared  with  the  retroviral  vector-infected  NEOI  cell  clone 
(22).  These  observations  suggest  that  forced  reduction  of 
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BRCA1  in  BG-1  ovarian  adenocarcinoma  cells  may  influence 
estrogen-independent  growth  both  in  vitro  and  in  vivo.  Our 
observation  that  AS4  cells  support  significant  increases  in  the 
estrogen-independent  expression  levels  of  different  ERa-target 
genes  compared  with  BRCAl-proficient  NEOl  cells  may  pro¬ 
vide  a  mechanistic  basis  for  the  estrogen-independent  growth 
advantages  that  AS4  cells  exhibit. 

The  finding  that  BRCA1  can  function  as  a  ligand-reversible 
barrier  to  transcriptional  activation  by  unliganded  ERa  suggests 
the  potential  involvement  of  BRCA1  in  the  proliferative  control 
of  normal  estrogen-regulated  tissues.  Thus,  mutational  inacti¬ 
vation  of  BRCA1  could  result  in  persistent  expression  of  estro¬ 
gen-responsive  genes  in  the  absence  of  threshold  levels  of 
estrogenic  stimulation.  In  this  way,  inappropriate  hormonal 
responses  brought  about  by  BRCA1  mutation  might  possibly 
promote  the  proliferation  of  transformation-initiated  cells. 

Previous  analyses  have  revealed  that  a  significant  proportion 
of  BRCAl-associated  breast  tumors  are  negative  for  ERa 
expression  (34).  However,  the  loss  of  ERa  expression  in 
BRCAl-associated  tumors  is  likely  to  represent  a  relatively  late 
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ABSTRACT 

BRCA1  ensures  genomic  stability,  at  least  in  part,  through  a  functional 
role  in  DNA  damage  repair.  BRCA1  interacts  with  the  Rad50/Mrell/Nbsl 
complex  that  occupies  a  central  role  in  DNA  double-strand  break  repair 
mediated  by  homologous  recombination  and  nonhomologous  end  joining 
(NHEJ).  NHEJ  can  be  catalyzed  by  mammalian  whole  cell  extract  in  a 
reaction  dependent  upon  DNA  ligase  IV,  Xrcc4,  Ku70,  Ku80,  and  DNA-PKcs. 
Here,  we  show  that  under  identical  cell-free  reaction  conditions,  the  addition 
of  antibodies  specific  for  BRCA1  and  Rad  50  but  not  Rad51,  inhibits  end¬ 
joining  activity.  Cell  extracts  derived  from  Brcal-deficient  mouse  embryonic 
fibroblasts  exhibit  reduced  end-joining  activity  independent  of  the  endoge¬ 
nous  protein  amounts  of  DNA  ligase  IV,  Ku80,  and  Ku70.  The  Brcal- 
dependent  NHEJ  activity  predominates  at  the  lower  concentrations  of  Mg2+ 
(0.5  nuvi);  elevated  Mg2+  or  Mn2+  concentrations  (10  nni)  dramatically 
increase  overall  end-joining  activity  and  abrogates  the  requirement  for 
Brcal,  Xrcc4,  and  Ku70.  The  addition  of  partially  purified  BRCAI,  in 
association  with  Rad50/Mrell/Nbsl  complex,  complements  the  NHEJ  defi¬ 
ciency  of  Brcal-null  fibroblast  extracts.  These  results  suggest  a  role  for  Brcal 
in  NHEJ  and  in  the  maintenance  of  genome  integrity. 


INTRODUCTION 

Inactivation  of  the  hereditary  breast  cancer  susceptibility  gene, 
BRCAI,3  leads  to  genomic  instability  (1-3).  Extensive  chromosomal 
abnormalities  have  been  observed  in  Brcal-deficient  murine  fibroblasts 
(4),  as  well  as  the  BRCAl-mutant  human  breast  cancer  cell  line 
HCC1937  (5).  The  function  of  BRCAI  in  genome  stability  is  attributable 
to  its  central  role  in  the  cellular  response  to  DNA  damage  response,  and 
emerging  evidence  supports  a  role  for  BRCAI  in  DNA  damage  repair. 
For  example,  Brcal-deficient  murine  and  human  cells  are  sensitive  to 
DNA-damaging  agents,  including  1R  (6-8).  Furthermore,  HCC1937 
cells  expressing  mutant  BRCAI  protein  exhibit  a  reduction  in  both  the 
rate  and  extent  of  DSB  repair  after  IR  when  compared  with  cells  ex¬ 
pressing  wild-type  BRCAI  protein  (9).  Finally,  BRCAI  physically  in¬ 
teracts  with  the  Rad50/Mrel  1/Nbsl  DSB  repair  complex  and  colocalizes 
to  nuclear  foci  along  with  this  complex  after  treatment  of  cells  with 
IR  (8). 

In  eukaryotic  cells,  DSBs  are  repaired  through  two  distinct  pathways: 
homologous  recombination  and  NHEJ.  BRCAI  has  been  implicated  in 
homology-based  repair  because  cells  expressing  a  Brcal  exon- 11  dele¬ 
tion  mutant  exhibit  defects  in  gene  targeting,  single-strand  annealing,  and 
gene  conversion  (10).  BRCAI  may  also  influence  NHEJ  by  virtue  of  its 
interaction  with  the  Rad50/Mrel  1/Nbsl  complex.  The  orthologous  com¬ 
plex  in  Saccharomyces  cerevisiae  Rad50/Mrel  1/Xrs2  is  critical  for 
NHEJ,  sister  chromatid  recombination,  and  telomere  maintenance.  Yeast 
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strains  deficient  in  any  of  the  components  of  the  Rad50/Mrel  1/Xrs2 
complex  are  10-100-fold  less  efficient  in  nonhomologous  joining  of 
DNA  ends  (11, 12).  The  Rad50/Mrel  1/Nbsl  complex  is  characterized  by 
3'  to  5'  exonucleolytic  activity  on  double-stranded  DNA  and  endonu¬ 
cleolytic  activity  on  single-stranded  DNA  and  hairpin  structures.  Further¬ 
more,  in  the  presence  of  a  DNA  ligase,  Mrel  1  can  facilitate  DNA  end 
joining  using  microhomologies  at  or  near  DNA  termini  (13,  14).  Re¬ 
cently,  the  yeast  Rad50/Mrel  1/Xrs2  complex  was  found  to  exhibit  DNA 
end-binding  activity  and  end-bridging  activity  (15).  Thus,  the  Rad50/ 
Mrel  1/Nbsl  complex  may  fulfill  a  functionally  conserved  role  in  NHEJ. 

In  mammalian  cells,  a  NHEJ  pathway  has  been  identified  that 
comprises  the  heterodimeric  DNA  end-binding  activity  Ku70/Ku80 
and  the  DNA-PKcs  (reviewed  in  Ref.  12).  Recently,  Baumann  et  a!. 
(16)  developed  a  cell-free  system  that  faithfully  reflects  the  genetic 
requirements  for  this  NHEJ  pathway.  In  this  system,  accurate  inter- 
molecular  ligation  of  DNA  ends  was  found  to  be  dependent  on  DNA 
ligase  lV/Xrcc4  and  requires  Ku70,  Ku80,  and  DNA-PKcs.  However, 
the  role  of  Rad50/Mrel  1/Nbsl  in  this  NHEJ  assay  has  not  been 
addressed. 

We  report  here  the  use  of  this  cell-free  assay  to  investigate  the  role 
of  BRCAI  in  DNA  end  joining.  We  observed  that  antibodies  specific 
for  BRCAI,  Rad50,  and  Ku70,  but  not  Rad51,  inhibit  the  end-joining 
activity  present  in  extracts  prepared  from  a  human  lymphoblastoid 
cell  line.  Comparison  of  extracts  derived  from  Brcal-null  MEFs  with 
that  from  isogenic  Brcal -proficient  MEFs  for  their  respective  abilities 
to  catalyze  end  joining  in  vitro  revealed  that  Brcal-deficient  MEF 
extracts  exhibit  a  significantly  reduced  end-joining  activity.  This 
deficiency  can  be  complemented  by  partially  purified  BRCAI  in 
association  with  the  Rad50/Mrel  1/Nbsl  complex.  Finally,  we  found 
the  BRCAI -dependent  NHEJ  activity  in  mammalian  WCE  to  be 
sensitive  to  the  reaction  concentration  of  divalent  cations.  Elevated 
concentrations  of  Mg2+  or  Mn2+  (to  10mM)  stimulated  the  overall 
level  of  DNA  end-joining  activity  and  masked  a  BRCAI,  Ku,  and 
Xrcc4  requirement.  These  results  provide  evidence  that  BRCAI  pro¬ 
mote  NHEJ  in  a  Mg2+  concentration-dependent  manner. 

MATERIALS  AND  METHODS 

MEFs  and  Lymphoblastoid  Cell  Line.  The  Brcal~/~:p53~/~  and  p53_/_ 
MEFs  were  derived  from  9.5-day  old  embryos  of  a  cross  between  BrcaI+/~ 
and  p53'v~  mice  as  described  (17)  and  cultured  in  DMEM  plus  10%  FCS. 
Human  lymphoblastoid  cell  line,  LEM,  was  immortalized  by  Epstein-Barr 
virus  and  cultured  in  DMEM  plus  10%  FCS. 

Cell-free  NHEJ  Assay.  Cell  extracts  were  prepared  and  in  vitro  reactions 
were  performed  according  to  previously  described  procedure  (16).  WCEs  were 
normalized  for  their  respective  total  protein  levels  using  the  Bio-Rad  protein 
assay  (Bio-Rad,  Richmond,  CA).  Reactions  (16  p.1)  were  carried  out  in  50  mM 
triethanolamine-HCl  (pH  7.5),  0.5  mM  Mg(OAc)2,  80  mM  potassium  acetate,  2 
mM  ATP,  1  mM  DTT,  and  100  pg/ml  BSA.  Cell-free  extracts  were  incubated 
for  5  min  at  37°C  before  the  addition  of  5  fmol  32P-labeled  DNA.  pBSK(+) 
duplex  plasmid  DNA  (2.96  kb;  Stratagene,  La  Jolla,  CA)  was  linearized  with 
A’coRI,  dephosphorylated  using  calf  intestinal  phosphatase,  and  was  5'  32P- 
end-labeled  using  polynucleotide  kinase.  In  each  reaction,  5  fmol  of  labeled 
DNA  was  used.  After  incubation  at  37°C  for  1  h,  32P-labeled  DNA  products 
were  deproteinized  by  proteinase  K  (500  jxg/ml)  and  1%  SDS  at  37°C  for  20 
min  and  analyzed  by  electrophoresis  through  0.7%  agarose  gels,  followed  by 
autoradiography.  Quantitation  of  DNA  end-joining  efficiency  was  carried  out 
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by  densitometry.  For  antibody  inhibition  experiments,  cell  extracts  were  pre¬ 
incubated  with  specific  antibodies  on  ice  for  30  min  before  shifting  to  37 °C  for 
5  min,  followed  by  the  addition  of  32P-labeled  DNA. 

Antibodies  and  Antisera.  A  recombinant  protein  containing  glutathione 
S-transfcrase  fused  with  mouse  Brcal  of  amino  acids  788-1135  in  frame  was 
used  as  an  antigen  for  the  production  of  antimurine  Brcal  mouse  polyclonal 
antisera.  Purified  goat  IgG  specific  for  XRCC4,  Ku70,  and  Ku80  was  pur¬ 
chased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA).  Purified  mouse 
monoclonal  antibody  specific  for  BRCA1  (Ab-1)  was  purchased  from  Onco¬ 
gene  Research  Products  (San  Diego,  CA).  Other  antibodies  specifically  against 
BRCA1,  Rad50,  and  Rad51  have  been  described  (8). 

The  amounts  of  the  following  antibodies  were  used  in  NHEJ  inhibition 
experiments:  10  pig  of  antimouse  IgG;  1  pig  of  purified  goat  anti-Ku70  IgG;  1 
ftg  of  anti-BRCAl  mAb  Ab-1;  2  pig  of  anti-BRCAl  mAb  17F8;  5  pig  of 
anti-Rad50  mAb  13B3;  1  pig  of  purified  rabbit  anti-Rad51  IgG;  and  1  pig  of 
purified  rabbit  anti-Xrcc4.  Only  mAbs  and  commercial  available  purified 
antisera  were  used  in  antibody  inhibition  assays.  Most  of  the  polyclonal 
antisera  contain  high  levels  of  nuclease  activity  and  cannot  be  used  in  the 
cell-free  end-joining  assay. 

Protein  Purification.  FleLa  cell  nuclear  extract  was  subjected  to  succes¬ 
sive  phosphocellulose  P-11,  DEAE-Sepharose,  and  Superose  6  gel  filtration 
chromatography  as  described  previously  (18).  Individual  fractions  derived 
from  Superose  6  chromatography  corresponding  to  the  peaks  of  the  Rad50, 
Mrell,  and  NBS1  proteins  were  pooled  and  designated  as  fraction  Cl.  The 
fraction  Cl  was  concentrated  on  phosphocellulose  P-1 1  by  elution  with  0.5  m 
KC1  D  buffer  [20  mM  HEPES  (pH  7.9),  0.2  mM  EDTA,  and  20%  glycerol], 
followed  by  dialysis  with  0.1  M  KC1  in  D  buffer. 

RESULTS 

To  explore  the  function  of  BRCA1  in  DNA  repair,  we  used  an  in 
vitro  DNA  end-joining  assay  that  has  been  described  previously  (16). 
In  this  system,  NHEJ  catalyzed  by  human  WCE  was  observed  by 
rejoining  32P-labeled  linear  duplex  DNA  in  a  reaction  that  is  depend¬ 
ent  upon  all  of  the  mammalian  factors  thus  far  genetically  implicated 
in  NHEJ,  including  DNA  ligase  IV,  Xrcc4,  Ku70,  Ku80,  and  DNA- 
PKcs.  We  initially  tested  WCE  from  a  human  lymphoblastoid  cell 
line,  LEM,  for  its  ability  to  catalyze  NHEJ  and  observed  that  25-35% 
of  the  input  DNA  molecules  were  rejoined  during  a  1-h  incubation 
with  20  fig  of  this  cell  extract.  Under  identical  reaction  conditions, 
BRCA1 -specific  antibodies  Ab-1  and  17F8,  preincubated  with  LEM 
WCE  before  the  addition  of  32P-end-labcled  linear  DNA  into  the 
reaction,  dramatically  inhibited  end  joining  (Fig.  1).  Antibodies  spe¬ 
cific  for  Rad50  also  inhibited  the  end-joining  activity  present  in  WCE. 
Consistent  with  previous  observations,  antibodies  specific  for  Ku70 
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Fig.  2.  Deficient  end-joining  activity  in  Brcal  mutant  MEFs.  A,  end-joining  activity  of 
MEF  extracts.  Increasing  amounts  of  WCE  from  each  of  the  indicated  MEF  cell  lines  were 
incubated  with  32P-end-labeled  linear  DNA  and  assayed  for  end-joining  activity.  B, 
quantitative  analysis  by  phosphorimaging.  End-joining  efficiency  was  calculated  as: 
intensity  of  end-joining  products/total  substrate  X  100%;  error  bars  indicate  the  exper¬ 
imental  deviation.  C,  immunoblot  analysis  demonstrating  equivalent  levels  of  represent¬ 
ative  NHEJ  proteins  and  an  unrelated  nuclear  matrix  protein,  p84,  in  the  MEF  WCEs 
assayed  for  end-joining  activity. 


inhibited  end-joining  activity  in  vitro  (16).  However,  antibodies  spe¬ 
cific  for  Rad51  or  normal  murine  IgG  did  not  inhibit  end-joining 
activity.  These  results  indicate  that  BRCA1  and  Rad50,  but  not 
Rad51,  may  be  involved  in  NHEJ  in  this  cell-free  system. 

To  further  substantiate  the  requirement  for  BRCA1  in  NHEJ,  we 
directly  compared  WCEs  derived  from  Brcal~/~p53~/~  MEFs  with 
extracts  from  both  p53~/~  and  wild-type  MEFs  for  their  respective 
NHEJ  activities  in  vitro.  WCEs  from  wild-type  or  p53~'~  MEFs 
could  rejoin  35-50%  of  input  DNA.  Significantly,  WCE  from 
Srco/-/_pJi_/_  MEFs  was  reduced  3-10-fold  consistently,  relative 
to  WCE  from  either  p53~'~  or  wild-type  MEFs,  for  end-joining 
activity  (Fig.  2,  A  and  B).  For  quantitative  standardization,  WCEs 
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Fig.  I.  Antibodies  specific  for  BRCAI,  Rad50,  and  Ku70  inhibit  the  end-joining  activity  present  in  human  cell  extract.  Human  lymphoblastoid  LEM  WCE  was  preincubated  with 
BRCA1 -specific  antibodies  Ab-1  ( Lanes  9-11)  and  17F8  ( Lanes  12-14),  Ku70-specific  antibody  ( Lancs  6-8),  Rad50-specific  antibody  ( Lanes  15-17),  Rad5 1  -specific  antibody  ( Lanes 
18-20),  or  control  antibody  murine  IgG  ( Lanes  3-5)  before  the  addition  of  3zP-end-labeIed  linear  DNA  (5  fmol/reaction)  and  subsequent  incubation.  Antibodies  or  antisera  were  added 
at  1 :6  serial  dilutions  as  follows  (the  actual  amounts  were  described  in  the  “Materials  and  Methods”  section):  straight,  Lanes  5,  8,  11,  14,  17,  and  20;  diluted  1/6,  Lanes  4,  7,  10,  13, 
16,  and  19;  diluted  1/36,  Lanes  3,  6,  9,  12,  15,  and  18.  Lane  1;  no  extract.  Lane  2:  LEM  extract  alone.  Note  that  BRCA1-,  Rad50-,  and  Ku-70-specific,  but  not  control,  antibodies 
inhibited  end  joining.  The  end-joining  efficiency  was  calculated  as  the  end-joining  activity  [intensity  of  mu!timers/(multimers  +  monomer)]  in  each  reaction  expressed  relative  to  the 
end-joining  activity  in  WCEs  without  antibodies  as  determined  by  densitometric  analysis. 
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were  first  normalized  for  total  protein  levels  and  subsequently  ana¬ 
lyzed  by  immunoblot  analyses  for  their  respective  expression  levels  of 
Ku70,  Ku80,  DNA  ligase  IV,  Rad50,  Mrell,  or  the  nuclear  matrix 
protein  p84  (19).  No  significant  difference  in  protein  levels  could  be 
observed  among  these  WCEs  (Fig.  2(7),  excluding  the  possibility  that 
the  reduced  end-joining  activity  in  Brcal-null  cell  extract  is  because 
of  variations  in  the  expression  levels  of  these  NHEJ  proteins. 

It  is  known  that  divalent  cations  such  as  Mg2+  and  Mn2+  affect 
NHEJ  catalyzed  by  mammalian  WCE  in  vitro  (20).  Our  NHEJ  reactions 
included  0.5  mM  Mg2+  and  were  performed  identically  to  those  de¬ 
scribed  initially  by  Baumann  et  al.  (16).  To  test  whether  the  Brcal- 
dependent  NHEJ  activity  present  in  WCEs  of  MEFs  is  affected  by  the 
concentration  of  divalent  ions,  we  compared  extracts  derived  from  Brcal- 
deficient  and  wild-type  MEFs  for  their  respective  NHEJ  activities  in  the 
presence  of  increasing  concentrations  of  Mg2+  or  Mn2+.  As  shown  in 
Fig.  3,  augmentation  of  the  Mg2+  or  Mn2+  concentration  dramatically 
increased  the  level  of  DNA  end  joining  catalyzed  by  both  Brcal-null  and 
wild-type  cell  extracts  and  concomitantly  abrogated  the  requirement  for 
Brcal  regardless  the  amount  of  WCE  used  in  the  reactions.  Thus,  at 
reaction  concentrations  of  divalent  ions  exceeding  1.5  mM  Mg2+  or  0.5 
mM  Mn2+  plus  0.5  mM  Mg2+,  the  difference  in  NHEJ  catalyzed  by 
Brcal-null  and  wild-type  MEF  extracts  was  indistinguishable,  possibly 
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Fig.  3.  DNA  end-joining  activity  in  cell  extracts  is  sensitive  to  Mg2+  and  Mn2+.  A, 
determination  of  optima!  concentration  of  Mg2+.  Cell  extracts  (10  /j-g)  derived  from 
Brcal -proficient  ( odd-numbered  lanes)  or  Brcal -deficient  {even-numbered  lanes)  MEFs 
were  incubated  with  different  concentration  of  Mg2+  as  follows:  Lanes  1-2,  0.125  mM; 
Lanes  3-4,  0.5  mM;  Lanes  5-6,  1  mM;  Lanes  7-8,  5  mM;  and  Lanes  9-10,  10  mM.  B, 
determination  of  the  effect  of  Mn2  +  .  Extract  (10  fig)  derived  from  Brea l -proficient 
{odd-numbered  lanes)  or  Brcal -deficient  {even-numbered  lanes)  MEFs  were  incubated  at 
0.5  mM  Mg2+  with  different  concentration  of  Mn2+  as  follows:  Lanes  1-2, 0  mM;  Lanes 
3-4,  0.5  mM;  Lanes  5-6,  1  mM;  Lanes  7-8,  2  mM;  and  Lanes  9-10,  4  mM.  C,  titration  of 
the  amount  of  cell  extracts.  In  the  presence  of  10  mM  Mg2+,  cell  extracts  (2.5,  5,  10,  and 
20  fig )  derived  from  Brcal -proficient  {odd-numbered  lanes)  or  Brcal -deficient  {even- 
numbered  lanes )  MEFs  were  assayed  for  DNA  end-joining  activity. 


indicating  the  involvement  of  a  Brcal -independent  pathway  for  NHEJ 
under  these  conditions. 

To  explore  the  relationship  between  the  Brcal -dependent  NHEJ  ac¬ 
tivity  and  known  components  of  the  NHEJ  pathway,  including  Xrcc4  and 
Ku70,  at  different  divalent  ion  concentrations,  we  performed  reactions 
with  either  0.5  mM  or  10  mM  Mg2+  (Fig.  4).  Addition  of  Brcal-specific 
antibody  reduced  end-joining  activity  in  Brcal  proficient  MEFs  to  the 
level  of  Brcal  mutant  cells  at  0.5  mM  Mg2+.  Similarly,  the  addition  of 
antibodies  against  Ku70  and  Xrcc4  completely  eliminated  end-joining 
activity  of  Brcal  deficient  or  proficient  cells.  These  observations  suggest 
that  BRCA1  may  function  along  with  Xrcc4  and  Ku70  in  NHEJ.  How¬ 
ever,  at  10  mM  Mg2+,  the  additions  of  antibodies  against  Ku70,  Xrcc4, 
and  BRCA1  have  no  apparent  inhibitory  function  against  the  robust 
end-joining  activities  in  both  Brcal -proficient  and  -deficient  MEFs  (Fig. 
4),  indicating  an  existence  of  an  alternative  pathway. 

To  determine  whether  a  cellular  fraction  containing  BRCA1  can  com¬ 
plement  the  diminished  NHEJ  activity  in  Brcal -deficient  cells,  we  frac¬ 
tionated  human  HeLa  cell  nuclear  extract  according  to  the  scheme  out¬ 
lined  in  Fig.  5A.  The  bulk  of  BRCA1  protein  present  in  a  soluble  HeLa 
nuclear  extract  bound  to  phosphocellulose  PC- 11  and  eluted  predomi¬ 
nantly  and  approximately  equally  between  0.1-0.3  and  0.3-0.5  m  KC1 
step  fractions  (fractions  B  and  C,  respectively,  Fig.  5A).  The  bulk  of 
cellular  Rad50  protein  was  also  recovered  in  the  PC- 1 1  B  and  C  fractions, 
although  more  eluted  in  the  B  fraction  than  in  the  C  fraction  (Fig.  5/1). 
Most  of  the  BRCA 1  protein  present  in  the  PC- 1 1  C  fraction  bound  to,  and 
eluted  from,  a  DEAE-Sepharose  anion  exchange  resin  in  a  0.1-0.25  m 
KC1  step  fraction  (fraction  CB).  After  Superose  6  gel  filtration  chroma¬ 
tography  of  the  CB  fraction,  BRCA1  was  eluted  in  fractions  correspond¬ 
ing  to  peaks  of  the  Rad50,  Mrel  1,  and  Nbsl  proteins,  indicating  cofrac¬ 
tionation  of  BRCA1  with  the  Rad50/Mrel  1/Nbsl  protein  complex 
(Fig.  5 A).  Western  blot  analysis  of  individual  Superose  6  column  frac¬ 
tions  with  antibodies  specific  for  BRCA1  and  the  large  subunit  of  RPB1 
also  revealed  that  the  bulk  of  BRCA  1  eluted  ahead  of  RPB1  in  a  number 
of  high  molecular  weight  fractions  (Fig.  5 A).  Reciprocal  coimmunopre- 
cipitation  of  BRCA  1  and  Rad50  from  peak  Superose  6  column  fractions 
demonstrated  that  BRCA1,  Rad50,  and  Nbsl  all  reside  in  a  single  high 
molecular  weight  complex  of  Mr  —1,000,000  (Fig.  5 B). 

Individual  Superose  6  column  fractions  corresponding  to  the  peak  of 
the  BRCA1/Rad50/Mrel  1/Nbsl  complex  were  pooled  and  concentrated 
on  phosphocellulose  PC-1 1  to  yield  a  partially  purified  protein  fraction 
termed  Cl .  Fraction  Cl  was  tested  for  its  ability  to  complement  WCE  of 
Brcal -deficient  MEF  for  end-joining  activity  in  vitro.  Although  it  cata¬ 
lyzed  no  end-joining  activity  on  its  own,  the  addition  of  fraction  Cl  to 
WCE  of  Brcal -deficient  MEFs  increased  its  end-joining  activity  about 
2.5-fold  (Fig.  5,  C  and  D)  to  60%  of  the  end-joining  activity  catalyzed  by 
WCE  derived  from  Brcal -proficient  MEFs.  The  addition  of  fraction  Cl 
to  WCE  of  Brcal-proficient  MEFs  has  no  effect  on  end-joining  activity 
(data  not  shown).  These  results  suggest  that  the  partially  purified  BRCA1 
complex  facilitated  the  BRCA  1 -dependent  NHEJ  process. 

DISCUSSION 

BRCA1  plays  an  important  role  in  maintaining  genomic  stability 
through  its  participation  in  DNA  repair  and  cell  cycle  checkpoint  control. 
For  DNA  DSB  repair,  BRCA1  has  been  shown  to  be  critical  for  homol¬ 
ogous  recombination  ( 1 0).  However,  it  is  not  known  whether  BRCA  1  has 
a  role  in  NHEJ.  In  this  study,  we  showed  that  under  identical  cell-free 
reaction  conditions  described  by  Baumann  et  al.  (16),  the  addition  of 
antibodies  specific  for  BRCA1  and  Rad50,  but  not  Rad51,  inhibits 
end-joining  activity.  Cell  extracts  derived  from  Brcal -deficient  MEFs 
exhibit  reduced  end-joining  activity  independent  of  the  endoge¬ 
nous  protein  amounts  of  DNA  ligase  IV,  Ku80,  and  Ku70.  The 
BRCA  1 -dependent  NHEJ  activity  predominates  at  the  lower  concentra- 
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Fig.  4.  Antibodies  specific  against  BRCAI,  Ku,  and  Xrcc4  inhibit  NHEJ  at  0.5  him,  but  not 
at  10  mM,  Mg2+.  At  0.5  mM  Mg2+  {odd  lanes),  antibodies  against  BRCAI  {Lanes  9-12 ) 
reduced  the  end-joining  activity  in  Brea  1 -proficient  MEF  extracts  {Lanes  1  and  9)  to  the  level 
of  Brea  1 -deficient  cells  {Lanes  3  and  11).  Antibodies  against  Xrcc4  {Lane  5-8)  or  Ku70 
{Lanes  13-16)  completely  inhibited  the  end-joining  activity  in  Brea  1 -proficient  cells  {Lanes  5 
and  13)  and  the  residual  activity  in  Brea  1 -deficient  cells  {lanes  7  and  15).  However,  at  10  m\i 
Mg2+  {even  lanes),  robust  end-joining  activity  in  both  Brea  1 -proficient  and  Brea  1 -deficient 
MEFs  is  resistant  to  antibodies  against  Ku70  {Lanes  6  and  8),  Xrcc4  {Lanes  14  and  16),  and 
BRCAI  {Lanes  10  and  12),  indicating  an  existence  of  an  alternative  pathway. 


tions  of  0.5  mM  Mg2+;  elevated  reaction  concentrations  of  Mg2+  or 
Mn2+  to  10  mM  dramatically  increases  overall  end-joining  activity  and 
abrogates  the  requirement  for  Brcal,  Xrcc4,  and  Ku70.  The  addition  of 
partially  purified  BRCAI  in  association  with  Rad50/Mrel  1/Nbsl  com¬ 
plements  the  NHEJ  deficiency  of  Brcal -deficient  MEF  extracts.  These 
results  support  a  role  for  BRCAI  in  NHEJ. 

BRCAI  is  likely  to  participate  in  NHEJ  by  virtue  of  its  interaction  with 
the  Rad50/Mrel  1/Nbsl  complex.  Previous  work  has  demonstrated  that 
BRCAI  interacts  physically  with  the  Rad50/Mrel  1/Nbsl  complex  in 
vivo  and  in  vitro  (8).  Furthermore,  BRCAI  can  be  isolated  from  cells  in 
a  high  molecular  complex  with  Rad50/Mrel  1/Nbsl.  These  observations 
suggest  that  the  function  of  BRCAI  in  DSB  repair  may  be  mediated,  at 
least  in  part,  through  its  association  with  the  Rad50/Mrel  1/Nbsl  com¬ 
plex.  It  is  recently  shown  that  the  yeast  counterpart  Rad50/Mrel  1/Xrs2 
has  DNA  end-binding  and  bridging  activities.  Addition  of  the  Ku  homol¬ 
ogous  protein  HdfA  and  B  enhances  the  DNA  end-bridging  activity  of 
the  Rad50/Mrel  1/Xrs2  complex.  The  Rad50/Mrel  1/Xrs2  complex  then 
directly  recruits  Dnl4/Lifl  (equivalent  to  mammalian  DNA  ligase  IV  and 
Xrcc4)  to  complete  DNA  end  ligation  (15).  Similarly,  mammalian 
Rad50/Mrel  1NBS1  has  also  been  shown  to  exhibit  DNA  end-tethering 
activity  (21,  22).  Therefore,  NHEJ  in  vitro  can  be  carried  out  by  com¬ 
ponents,  including  Rad50/Mrel  1/Nbsl,  Ku  homologues,  and  DNA  ligase 
IV/Xrcc4.  Although  the  precise  role  of  BRCAI  in  NHEJ  remains  unclear, 
the  ability  of  BRCAI  to  form  a  tight  complex  with  Rad50/Mrel  1/Nbsl 
suggests  that  BRCAI  may  facilitate  the  NHEJ  function  of  this  complex. 
Recently,  a  purified  recombinant  BRCAI  was  shown  to  have  a  direct 
DNA-binding  activity  (23).  Whether  this  DNA-binding  activity  has  a 
direct  contribution  to  the  NHEJ  warrants  additional  investigation. 

The  cell-free  system  for  NHEJ  that  we  used  in  this  study  has  been 
reported  to  be  dependent  on  a  DNA-PK-mediated  pathway  (16).  None¬ 
theless,  substantial  evidence  accumulated  from  in  vitro  studies  indicates 
that  eukaryotic  cells  rely  on  more  than  one  DNA  end-joining  pathway 
(24-27).  For  example,  extracts  derived  from  the  DNA-PK  mutant  cell 
line  M059J  have  been  reported  to  exhibit  wild-type  end-joining  activity, 
suggesting  the  involvement  of  a  DNA-PK-independent  end-joining  path¬ 
way  in  these  cells  (27).  The  relative  contribution  of  a  particular  pathway 
to  the  overall  end-joining  activity  observed  in  mammalian  WCEs  likely 
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Fig.  5.  Complementation  of  NHEJ  activity  in  BRCAI -deficient  cell  extracts  by  exogenous 
BRCAI.  A,  schematic  diagram  of  purification  of  a  BRCAl/Rad50/Mrel  1/NBS  l  -containing 
complex.  HeLa  cell  nuclear  extract  (NEXT)  was  subjected  to  successive  phosphocellulose 
PC-1 1,  DEAE-Sepharose,  and  Superose  6  gel  filtration  chromatography.  CB  protein  fraction 
(4  mg/ml)  was  subjected  to  Superose  6  gel  filtration  analysis.  Individual  fractions  were 
resolved  by  10%  SDS-PAGE  and  subjected  to  immunoblot  analysis  using  antibodies  specific 
for  the  proteins  indicated  to  the  left  of  the  blot  (RPBI:  large  subunit  of  RNA  polymerase  II). 
Vertical  arrows  above  the  immunoblot  panels  indicate  marker  protein  peaks.  B,  coimmuno- 
precipitation  of  BRCAI,  Rad50,  and  NBS1  from  peak  Superose  6  column  fractions.  Column 
fractions  45-49  (fraction  Cl)  from  the  experiment  in  A  were  pooled,  and  a  portion  subjected 
to  immunoprecipitation  with  the  antibodies  indicated  above  the  immunoblot  (mlgG  =  murine 
IgG).  Immunoprecipitates  were  resolved  by  10%  SDS-PAGE  and  subjected  to  immunoblot 
analysis  with  antibodies  specific  for  the  proteins  indicated  to  the  left  of  the  blot.  C,  comple¬ 
mentation  of  Brcal -deficient  MEF  extracts  for  end-joining  activity  by  a  BRCA1/Rad50/ 
Mrel  1/Nbsl  complex.  Fraction  Cl  was  added  as  indicated  to  Brcal -deficient  WCE  and 
incubated  on  ice  for  30  min  before  assay  of  end-joining  activity.  Fraction  Cl  alone  {Lane  8) 
does  not  catalyze  end-joining  activity.  D,  end-joining  activity  in  C  was  measured  as  [intensity 
of  multimers/(multimers  +  monomer)  X  100%]  by  phosphoimage  analysis  and  converted  to 
percentage  of  joined  DNA  molecules. 
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reflects  the  in  vitro  reaction  conditions  used.  One  factor  that  could  alter 
the  relative  influence  of  a  particular  end-joining  pathway  in  the  reaction 
is  the  concentration  of  divalent  cations,  particularly  Mg2+  and  Mn2+.  In 
this  regard,  we  observed  that  the  BRCA1 -dependent  NHEJ  activity 
present  in  mammalian  WCE  is  sensitive  to  the  reaction  concentration  of 
Mg2+  and  Mn2+.  Elevated  concentrations  of  these  divalent  cations 
stimulates  overall  end-joining  activity  and  masks  the  requirement  for 
BRCA1,  suggesting  the  involvement  of  a  BRCA1 -independent  pathway 
to  achieve  end  joining.  A  similar  phenomenon  has  recently  been  reported 
for  DNA  ligase  IV  using  ligase  IV  mutant  180BR  cell  (20).  Elevated 
reaction  concentrations  of  Mg2+  (10  him)  stimulated  DNA  end  joining 
through  an  apparent  DNA  ligase  IV-independent  pathway,  whereas  re¬ 
duced  concentrations  of  Mg2+  (0.5  him)  revealed  a  DNA  ligase  IV 
dependency  for  low  levels  of  end-joining  activity.  Interestingly,  we 
observed  that  under  similar  conditions,  antibodies  specific  for  Ku70, 
Xrcc4,  and  BRCA1  efficiently  suppressed  DNA  end-joining  activity  at 
reduced  concentrations  of  Mg2+  (Fig.  4).  These  observations  raise  the 
possibility  that  BRCA1  works  along  with  Rad50,  Ku,  and  Xrcc4  in  NHEJ 
at  a  low  concentration  of  Mg  2+.  Interestingly,  mammalian  cell  extracts 
deficient  in  Fanconi  anemia  proteins  had  a  3-9-fold  reduction  in  DNA 
end-joining  activity  at  high  Mg2+  concentration  (10  ium)  in  a  pathway 
independent  of  DNA-PK/Ku  (28).  Therefore,  it  is  very  likely  that  mul¬ 
tiple  NHEJ  pathways  may  exist  in  mammalian  cells. 

Previously,  BRCA1  has  been  implicated  in  homology-based  repairs  of 
DNA  breaks  because  cells  expressing  a  Brcal  exon  11 -deletion  mutant 
exhibit  defects  in  gene  targeting,  single-strand  annealing,  and  gene  con¬ 
version  (10).  Interestingly,  no  defects  in  plasmid  integration  and  nonho- 
mologous  repair  processes  were  observed  in  these  Brcal  mutant  cells. 
However,  it  is  possible  that  the  NHEJ  activity  observed  in  this  previous 
study  described  by  Moynahan  et  al.  (10),  reflects  the  contribution  of  a 
BRCA1 -independent  NHEJ  pathway.  Alternatively,  genetic  differences 
between  independently  derived  Brcal  mutant  cell  lines  may  contribute  to 
different  conclusions  regarding  the  importance  of  Brcal  in  NHEJ.  Our 
Brcal  mutant  allele  carries  a  reverse-oriented  neomycin  cassette  inserted 
into  the  5'  end  of  Brcal  exon  1 1,  which  will  lead  to  premature  termina¬ 
tion  of  translation  (29).  No  stable  Brcal  protein  derivative  can  be  detected 
in  our  Brcal _/_  MEFs.  The  embryonic  stem  (ES)  cells  previously 
characterized  for  defects  in  homologous  and  NHEJ  repair  (10),  express  a 
Brcal  exon  1 1  splice  variant  (30)  and  the  homozygote  embryos  derived 
from  these  ES  cells  exhibit  a  less  severe  phenotype  than  our  homozygotes 
(29,  30).  Using  our  Brcal_/“  MEFs,  we  have  demonstrated  a  50-100- 
fold  reduced  efficiency  in  microhomology-mediated  end-joining  activity 
of  a  defined  chromosomal  DNA  DSB  introduced  by  a  rare-cutting 
endonuclease  I-Scel  (31).  These  results  further  support  a  role  of  BRCA1 
in  NHEJ. 

The  findings  presented  here  suggest  that  BRCA1  functions  in  the 
repair  of  DSBs  through  a  novel  role  in  NHEJ,  consistent  with  the  recent 
report  that  a  single  mutated  BRCA1  allele  leads  to  impaired  fidelity  of 
DSB  end  joining  (32).  Inefficient  or  error-prone  DNA  repair  resulting 
directly  from  inactivation  of  BRCA1  could  lead  to  global  genomic 
instability  and  a  concomitant  accmal  of  functionally  inactivating  muta¬ 
tions  at  genetic  loci  involved  in  breast  tumorigenesis.  Additional  mech¬ 
anistic  studies  concerning  the  role  of  BRCA1  in  DNA  damage  response 
and  repair  should  expedite  the  design  and  implementation  of  strategies  to 
delay,  and  ultimately  to  prevent,  breast  cancer  formation. 
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The  breast-  and  ovarian-specific  tumor  suppressor 
BRCA1  has  been  implicated  in  both  activation  and  re¬ 
pression  of  gene  transcription  by  virtue  of  its  direct 
interaction  with  sequence-specific  DNA-binding  tran¬ 
scription  factors.  However,  the  mechanistic  basis  by 
which  BRCA1  mediates  the  transcriptional  activity  of 
these  regulatory  proteins  remains  largely  unknown.  To 
clarify  this  issue,  we  have  examined  the  functional  in¬ 
teraction  between  BRCA1  and  ZBRK1,  a  BRCAl-depend- 
ent  KRAB  eight  zinc  finger  transcriptional  repressor. 
We  report  here  the  identification  and  molecular  charac¬ 
terization  of  a  portable  BRCAl-dependent  transcrip¬ 
tional  repression  domain  within  ZBRK1  composed  of 
zinc  fingers  5-8  along  with  sequences  in  the  unique 
ZBRK1  C  terminus.  This  C-terminal  repression  domain 
functions  in  a  BRCA1-,  histone  deacetylase-,  and  pro¬ 
moter-specific  manner  and  is  thus  functionally  distin¬ 
guishable  from  the  N-terminal  KRAB  repression  domain 
in  ZBRK1,  which  exhibits  no  BRCA1  dependence  and 
broad  promoter  specificity.  Significantly,  we  also  find 
that  the  BRCAl-dependent  transcriptional  repression 
domain  on  ZBRK1  includes  elements  that  modulate  its 
sequence-specific  DNA  binding  activity.  These  findings 
thus  reveal  the  presence  within  ZBRK1  of  functionally 
bipartite  zinc  fingers  with  dual  roles  in  sequence-spe¬ 
cific  DNA-binding  and  BRCAl-dependent  transcrip¬ 
tional  repression.  We  discuss  the  implications  of  these 
findings  for  the  role  of  BRCA1  as  ZBRK1  co-repressor. 


Germ  line  inactivation  of  the  gene  encoding  BRCA1  confers  a 
cumulative  lifetime  risk  of  female  breast  and  ovarian  cancer 
(1-3).  Although  the  mechanistic  basis  for  its  tissue-  and  gen¬ 
der-specific  tumor  suppressor  activity  remains  poorly  defined, 
BRCA1  nonetheless  fulfills  a  broad  function  in  the  mainte¬ 
nance  of  global  genome  stability  (4-10).  The  underlying  basis 
for  this  caretaker  activity  likely  derives  from  the  role  of  BRCA1 
as  a  conduit  in  the  cellular  DNA  damage  response,  wherein  it 
serves  to  couple  DNA  damage-induced  signals  to  downstream 
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responses  including  DNA  damage  repair  and  cell  cycle  check¬ 
point  activation  (6,  7,  11-21).  Several  potentially  overlapping 
cellular  activities  have  been  ascribed  to  BRCA1,  each  of  which 
could  underlie  its  ability  to  control  signal  output.  For  example, 
BRCA1  has  been  implicated  in  chromatin  remodeling,  ubiquiti- 
nylation,  recombination,  and  transcriptional  regulation  (6,  22- 
28).  The  extent  to  which  these  pleiotropic  activities  contribute 
to  the  caretaker  function  of  BRCA1  is  presently  unknown; 
however,  the  fact  that  each  of  these  BRCAl-associated  activi¬ 
ties  are  similarly  abrogated  by  cancer-predisposing  BRCA1 
missense  mutations  suggests  a  strong  correlative  link  between 
their  discharge  and  BRCAl-mediated  tumor  suppression. 

With  respect  to  its  role  in  transcription  control,  BRCA1  has 
been  implicated  in  both  activation  and  repression  of  genes  linked 
to  a  variety  of  biological  processes,  including  cell  growth  control 
and  DNA  replication  and  repair  (21, 29-31).  Thus,  by  virtue  of  its 
transcriptional  regulatory  activity,  BRCA1  could  influence  cellu¬ 
lar  responses  downstream  of  DNA  damage  signals,  and  this 
activity  could  contribute  to  its  caretaker  function. 

The  precise  role  of  BRCA1  in  gene-specific  transcription  con¬ 
trol  has  yet  to  be  definitively  established.  Because  it  exhibits  no 
sequence-specific  DNA  binding  activity,  it  seems  likely  that 
BRCA1  is  targeted  to  specific  genes  through  its  functional 
interaction  with  sequence-specific  DNA-binding  transcription 
factors.  Direct  evidence  to  support  this  hypothesis  has  come 
from  the  identification  of  multiple  DNA-binding  transcription 
factors  with  which  BRCA1  has  been  shown  to  physically  inter¬ 
act  and  functionally  synergize,  including  p53,  c-Myc,  estrogen 
receptor  a,  androgen  receptor,  OCT-1,  NF-YA,  and  ZBRK1 
(32-40).  However,  the  underlying  mechanism  by  which  BRC A1 
mediates  the  transcriptional  stimulatory  or  repressive  effects 
of  these  regulatory  proteins  has  not  been  established. 

We  have  been  studying  the  functional  interaction  between 
BRCA1  and  the  transcriptional  repressor  ZBRK1  as  a  model 
system  to  understand  the  mechanistic  basis  by  which  BRCAl 
mediates  sequence-specific  transcription  control.  Initially  iden¬ 
tified  by  virtue  of  its  physical  interaction  with  BRCAl,  ZBRK1 
(Zinc  finger  and  BRCAl-interacting  protein  with  a  KRAB  do¬ 
main  1)  is  a  member  of  the  Kruppel-associated  box-zinc  finger 
protein  (KRAB-ZFP)  family  of  transcriptional  repressors  (39, 
41).  Typically,  KRAB-ZFPs  bind  to  their  corresponding  target 
genes  through  tandem  C-terminal  C2H2  zinc  fingers  and  re¬ 
press  transcription  through  an  N-terminal  KRAB  domain, 
which  silences  gene  expression  through  the  indirect  recruit¬ 
ment  of  histone  deacetylases,  histone  methyltransferases,  and 
heterochromatin  proteins  (41-47).  Like  other  KRAB-ZFPs, 
ZBRK1  harbors  an  N-terminal  KRAB  domain.  However, 
ZBRK1  is  atypical  among  KRAB-ZFPs  due  to  the  fact  that  it 
harbors  8  central  C2H2  zinc  fingers  and  a  unique  C  terminus 
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that  is  absent  among  the  larger  family  of  KRAB-ZFPs. 

Through  its  8  central  zinc  fingers,  ZBRK1  binds  to  a  compo- 
sitionally  flexible  15-bp  DNA  sequence,  GGGxxxCAGxxxTTT 
(where  x  is  any  nucleotide)  (39).  A  search  for  potential  ZBRK1 
DNA-binding  sites  in  existing  genes  led  to  intron  3  of 
GADD45a,  a  functionally  important  DNA  damage-response  ef¬ 
fector  known  to  be  regulated  transcriptionally  by  BRCA1  (21, 
32,  39).  Functional  analysis  revealed  that  ZBRK1  represses 
GADD45a  gene  transcription  through  its  intron  3  DNA-binding 
site  in  a  BRCAl-dependent  manner,  thus  revealing  BRCA1  to 
be  a  ZBRK1  co-repressor  (39).  Significantly,  familial  breast 
cancer-derived  mutants  of  BRCA1  that  disrupt  its  interaction 
with  ZBRK1  abrogate  its  co-repressor  activity,  suggesting  that 
its  co-repressor  function  may  be  important  for  the  tumor  sup¬ 
pressor  properties  of  BRCA1  (39).  The  regulation  of  GADD45a 
gene  transcription  is  likely  to  be  complex  and  controlled  coor- 
dinately  by  ZBRK1  and  BRCA1  in  concert  with  other  trans¬ 
acting  factors,  including  p53,  OCT1,  and  NF-YA,  that  function 
through  cis-acting  sequences  present  in  the  GADD45a  pro¬ 
moter  and  intron  3  regions  (21,  32,  39,  48,  49). 

In  addition  to  GADD45a,  potential  ZBRKl-binding  sites 
have  been  identified  in  other  DNA  damage-response  genes  that 
are  also  regulated  by  BRCA1,  including  p21,  Bax,  and 
GADD153  (39).  This  observation  suggests  a  potentially  broader 
role  for  BRCA1  and  ZBRK1  in  the  coordinate  transcriptional 
regulation  of  diverse  DNA  damage-response  genes.  To  begin  to 
explore  the  mechanism  by  which  BRCA1  mediates  sequence- 
specific  transcriptional  repression  through  ZBRK1,  we  have 
pursued  in  greater  depth  the  physical  and  functional  interac¬ 
tion  between  these  two  proteins.  We  report  here  the  identifica¬ 
tion  and  molecular  characterization  of  a  portable  BRCAl-de¬ 
pendent  transcriptional  repression  domain  within  ZBRK1 
composed  of  zinc  fingers  5-8  along  with  sequences  in  the 
unique  ZBRK1  C  terminus.  This  C-terminal  repression  domain 
functions  in  a  BRCA1-,  histone  deacetylase  (HDAC)-,1  and 
promoter-specific  manner  and  is  thus  functionally  distinguish¬ 
able  from  the  N-terminal  KRAB  repression  domain  in  ZBRK1, 
which  exhibits  no  BRCA1  dependence  and  broad  promoter 
specificity.  Significantly,  we  also  find  that  the  BRCAl-depend¬ 
ent  C-terminal  transcriptional  repression  domain  within 
ZBRK1  is  composed  of  elements  that  modulate  sequence-spe¬ 
cific  DNA-binding  by  zinc  fingers  1-4.  These  findings  thus 
reveal  an  unanticipated  dual  function  for  the  ZBRK1  zinc  fin¬ 
gers  in  DNA  binding  and  transcriptional  repression,  and  fur¬ 
ther  shed  new  light  on  the  mechanistic  role  of  BRCA1  in  se¬ 
quence-specific  transcriptional  control. 

EXPERIMENTAL  PROCEDURES 
Plasmid  Construction  and  Mutagenesis 

Expression  Plasmids — pMAL-C2-TEV-ZBRKl  AK  for  expressing 
MBP-ZBRK1  AK  in  Escherichia  coli  was  derived  from  pGEPK3-ZBKKl 
AK,  which  is  a  derivative  of  pCNF-ZBRKl  AK  (39).  Briefly,  a  BamHI- 
Xhol  fragment  carrying  ZBRK1  cDNA  sequences  encoding  ZBRK1 
amino  acids  144-532  (lacking  the  N-terminal  KRAB  domain)  was  sub¬ 
cloned  into  the  BamHI  and  Xhol  sites  of  pMAL-C2-TEV  (provided  by 
Dr.  P.  Renee  Yew),  thereby  generating  a  translational  fusion  of  MBP 
and  ZBRK1  AK.  C-terminal  truncation  mutants  of  MBP-ZBRK1  AK 
bearing  stepwise  deletions  of  individual  ZBRK1  zinc  fingers  were  ex¬ 
pressed  from  pMAL-C2-TEV-ZBRKl  AK  deletion  derivatives,  each  of 
which  was  constructed  by  PCR-based  subcloning.  Briefly,  sequences 
encoding  ZBRK1  AK  within  pMAL-C2-TEV-ZBRKl  AK  were  liberated 
as  a  BamHI-Hindlll  fragment  and  replaced  with  corresponding  PCR- 


1  The  abbreviations  used  are:  HDAC,  histone  deacetylase;  EMSA, 
electrophoretic  mobility  shift  assay;  MEFs,  mouse  embryo  fibroblasts; 
aa,  amino  acids;  MBP,  maltose-binding  protein;  PMSF,  phenylmethyl- 
sulfonyl  fluoride;  TSA,  trichostatin  A;  ZRE,  ZBRKl-response  element; 
BF,  broken  finger;  TK,  thymidine  kinase;  WT,  wild  type;  Mut.,  mutant; 
HSV,  herpes  simplex  virus. 


generated  ZBRK1  deletion  fragments  using  a  common  upstream  primer 
corresponding  to  MBP  sequences  and  unique  downstream  primers 
within  the  C  terminus  of  each  zinc  finger  (defined  here  as  the  seventh 
amino  acid  residue  C-terminal  to  the  last  histidine  residue  of  each  C2H2 
zinc  finger).  Individual  MBP-ZBRK1  AK  deletion  derivatives  encode  the 
following  ZBRK1  amino  acids  (aa):  MBP-ZBRK1  AK  8ZF  (aa  144-431); 
7ZF  (aa  144-403);  6ZF  (aa  144-377);  5ZF  (aa  144-347);  4ZF  (aa  144- 
319);  3ZF  (aa  144-291);  2ZF  (aa  144-263);  and  1ZF  (aa  144-235). 
Individual  MBP-ZBRK1  AK  broken  finger  (BF)  mutants  were  gener¬ 
ated  by  PCR-based  site-directed  mutagenesis  of  pMAL-C2-TEV-ZBRKl 
AK  using  the  QuickChange  II  site-directed  mutagenesis  kit  following 
the  manufacturer’s  recommendations  (Stratagene,  La  Jolla,  CA).  Each 
broken  finger  mutant  bears  a  histidine  (CAT  codon)  to  asparagine  (aaT 
codon)  substitution  mutation  at  the  first  of  the  two  conserved  histidine 
residues  within  the  targeted  C2H2  zinc  finger. 

ZBRK1  5ZFC  was  expressed  as  a  GAL4  DNA-binding  domain  fusion 
in  mammalian  cells  from  the  plasmid  GAL4-ZBRK1  5ZFC,  constructed 
by  subcloning  a  PCR-amplified  ZBRK1  cDNA  fragment  encoding  amino 
acids  319-532  (encompassing  zinc  finger  5  through  the  C  terminus)  into 
the  Sail  and  Hindlll  sites  of  pM  (Clontech,  Palo  Alto,  CA).  N-  and 
C-terminal  truncation  derivatives  of  GAL4-ZBRK1  5ZFC  bearing  step¬ 
wise  deletions  of  individual  zinc  fingers  and  C-terminal  sequences, 
respectively,  were  generated  by  PCR-based  subcloning.  Briefly,  the 
Sall-Hindlll  fragment  within  GAL4-ZBRK1  5ZFC  encoding  ZBRK1 
5ZFC  was  replaced  with  corresponding  PCR-generated  ZBRK1  deletion 
fragments.  Individual  GAL4-ZBRK1  5ZFC  deletion  derivatives  encode 
the  following  ZBRK1  amino  acids  (aa):  GAL4-ZBRK1  6ZFC  (aa  347- 
532);  7ZFC  (aa  375-532);  8ZFC  (aa  403-532);  C  (aa  431-532);  GAL4- 
ZBRK1  5ZFC  A1  (aa  319-523);  5ZFC  A2  (aa  319-503);  and  5ZFC  A3  (aa 
319-483).  Broken  finger  derivatives  of  GAL4-ZBRK1  5ZFC  were  gen¬ 
erated  by  PCR  amplification  of  ZBRK1  sequences  encoding  amino  acids 
319-532  from  individual  pMAL-C2-TEV  ZBRK1  AK  BF  mutants  and 
subsequent  replacement  of  the  Sall-Hindlll  wild-type  ZBRK1  fragment 
in  GAL4-ZBRK1  5ZFC. 

ZBRK1  5ZFC  and  its  truncation  and  broken  finger  derivatives  were 
expressed  in  yeast  as  GAL4  activation  domain  fusions  using  pGADT7 
(Clontech,  Palo  Alto,  CA).  Briefly,  ZBRK1  5ZFC  and  its  truncation 
(6ZFC,  7ZFC,  8ZFC,  OZFC,  5ZFC  Al,  5ZFC  A2,  and  5ZFC  A3)  and 
broken  finger  (BF5,  BF6,  BF7,  and  BF8)  derivatives  were  excised  as 
BamHI-blunted  Sail  fragments  from  GAL4-ZBRK1  5ZFC  and  its  cor¬ 
responding  derivative  plasmids,  and  subcloned  into  the  BamHI  and 
blunted  Xhol  sites  in  pGADT7.  A  BRCA1  cDNA  fragment  (encoding 
amino  acids  341-748)  encompassing  the  ZBRKl-binding  domain  (39) 
was  PCR-amplified  and  subcloned  into  the  EcoRI  and  Sail  sites  of 
pGBKT7,  thereby  generating  a  translational  fusion  of  the  GAL4  DNA- 
binding  domain  with  BRCA1  amino  acids  341-748  in  the  plasmid 
pGBKT7-BRCAl. 

The  ZBRK1  KRAB  domain  was  expressed  as  a  GAL4  DNA-binding 
domain  fusion  in  mammalian  cells  from  GAL4-ZBRK1  KRAB,  con¬ 
structed  by  subcloning  a  PCR-amplified  ZBRK1  cDNA  fragment  encod¬ 
ing  amino  acids  1-85  into  the  BamHI  and  blunted  Xbal  sites  of  pM2 
(50).  All  PCR-based  subcloning  was  performed  using  Pfu  DNA  polym¬ 
erase  (Stratagene,  La  Jolla,  CA),  and  the  integrity  of  individual  deletion 
and  substitution  mutations  was  confirmed  by  DNA  sequence  analysis. 

Reporter  Plasmids — pG5TK-Luc  carrying  five  copies  of  the  GAL4 
DNA-binding  site  upstream  of  the  herpes  simplex  virus  thymidine 
kinase  (TK)  promoter  (sequences  corresponding  to  —105  to  +51,  where 
+  1  is  the  transcription  start  site)  driving  expression  of  the  gene  encod¬ 
ing  firefly  luciferase  was  constructed  by  replacing  a  Hindlll-Bglll  frag¬ 
ment  from  pSBS-GAL-TK-Luc  (provided  by  Dr.  Tony  Ip)  with  a  Hindlll- 
Bglll  fragment  from  pG5TK-CAT  (provided  by  Dr.  P.  Renee  Yew),  thus 
positioning  five  copies  of  the  GAL4  DNA-binding  site  and  the  TK 
promoter  upstream  of  the  firefly  luciferase  gene.  pG5SV40-Luc  carrying 
five  GAL4  DNA-binding  sites  upstream  of  the  SV40  promoter  driving 
expression  of  the  firefly  luciferase  gene  has  been  described  previously 
(39).  pG5SNRPN-Luc  (provided  by  Dr.  Paul  A.  Wade)  carries  five  GAL4 
DNA-binding  sites  upstream  of  the  human  small  nuclear  ribonucleo- 
protein  N  promoter  driving  expression  of  the  firefly  luciferase  gene  (51). 

Recombinant  Protein  Expression  and  Purification 

MBP-ZBRK1  fusion  proteins  were  expressed  in  and  purified  from 
E.  coli  strain  BL21  Star  (DE3)  pLysS  (Invitrogen).  Briefly,  cells  were 
grown  at  37  °C  to  an  A600  of  0.6.  Isopropyl-l-thio-0-D-galactopyranoside 
was  added  to  a  final  concentration  0.3  mM,  and  the  cells  were  trans¬ 
ferred  to  25  °C  for  another  3.5  h.  Cells  were  pelleted,  washed  once  with 
phosphate-buffered  saline,  and  then  resuspended  in  MBP  binding 
buffer  (25  mu  Tris-HCl,  pH  7.5;  1  mil  EDTA;  200  mil  NaCl;  20  pM 
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Fig.  1.  Identification  of  DNA  binding  determinants  on  ZBRK1.  A,  schematic  representation  of  ZBRK1  (the  KRAB  domain  and  numbered 
zinc  fingers  are  indicated),  MBP-ZBRKl  AK,  and  MBP-ZBRKl  AK  truncation  derivatives.  B,  purified  MBP-ZBRKl  AK  and  its  corresponding 
truncation  derivatives  as  indicated  were  resolved  by  SDS-10%  PAGE  and  visualized  by  Coomassie  Blue  staining.  Molecular  weight  marker 
positions  ( Mr )  are  indicated.  C,  competition  EMSA.  EMSA  was  performed  using  a  3ZP-labeled  double-stranded  oligonucleotide  probe  corresponding 
to  a  wild-type  consensus  ZRE  and  purified  MBP-ZBRKl  AK  ( 1st  lane).  A  100-,  200-,  or  400-fold  molar  excess  of  an  unlabeled  wild-type  CWT)  ZRE 
probe  (2nd  to  4th  lanes )  or  mutated  (Mut.)  ZRE  probe  corresponding  to  a  double-stranded  oligonucleotide  identical  in  length  but  different  in 
sequence  (5th  to  7th  lanes )  was  added  to  the  binding  reaction  as  indicated.  The  positions  of  the  unbound  ZRE  oligonucleotide  probe  (ZRE)  and  the 
ZRE-MBP-ZBRK1  AK  nucleoprotein  complex  (ZRE-ZBRK1)  are  indicated.  For  each  EMSA  reaction,  the  proportional  fraction  of  ZRE  probe  bound 
by  MBP-ZBRKl  AK  is  indicated  below  each  lane  and  was  determined  by  dividing  the  number  of  radioactive  counts  in  the  bound  probe  by  the 
number  of  radioactive  counts  in  the  bound  plus  the  unbound  probe.  D  and  E,  sequence-specific  DNA  binding  activity  of  MBP-ZBRKl  AK  and  its 
corresponding  truncation  derivatives.  EMSA  was  performed  using  the  consensus  ZRE  probe  and  50  ng  of  either  MBP-ZBRKl  AK  or  each  of  its 
corresponding  deletion  derivatives  as  indicated.  NP  indicates  no  protein  added  to  the  EMSA  reaction.  The  positions  of  the  unbound  ZRE 
oligonucleotide  probe  (ZRE)  and  the  ZRE-MBP-ZBRK1  AK  nucleoprotein  complex  (ZRE-ZBRK1)  are  indicated.  DNA-binding  reactions  were 
performed  in  100  mM  NaCl  (D)  or  200  mM  NaCl  (E).  For  each  EMSA  reaction,  the  proportional  fraction  of  ZRE  probe  bound  by  MBP-ZBRKl  AK 
or  its  truncation  derivatives  is  indicated  below  each  lane  and  was  determined  by  dividing  the  number  of  radioactive  counts  in  the  bound  probe  by 
the  number  of  radioactive  counts  in  the  bound  plus  the  unbound  probe.  ND,  not  detectable. 


ZnCl2;  and  10  mM  /3-mercaptoethanol)  supplemented  with  protease 
inhibitors  (aprotinin  0.4  pg/ml;  chymostatin  0.5  pg/ml;  leupeptin  0.5 
pg/ml;  pepstatin  0.5  pg/ml;  PMSF  0.5  mM;  and  benzamidine-HCl  0.5 
mM).  Resuspended  cells  were  frozen  and  thawed  one  time,  followed  by 
sonication  (3  times  for  1  min)  and  clarification  by  centrifugation  at 
30,000  x  g  for  30  min.  MBP-ZBRKl  fusion  proteins  were  purified  from 
clarified  lysates  by  affinity  chromatography  on  amylose  resin  (New 
England  Biolabs,  Beverly,  MA).  Briefly,  clarified  lysates  were  incubated 
with  amylose  resin  in  batch  for  1  h  at  4  °C,  washed  3  times  with  MBP 
binding  buffer,  and  then  eluted  with  MBP  binding  buffer  containing 
0.5%  maltose  for  30  min  at  4  °C.  Purified  proteins  (estimated  to  be 
>95%  homogeneous  by  SDS-PAGE  and  subsequent  visualization  by 
Coomassie  Blue  staining)  were  dialyzed  for  1  h  at  4  °C  against  EMSA 
storage  buffer  (25  mM  Tris-HCl,  pH  7.5;  100  mM  NaCl;  20  pM  ZnCl2;  10% 
glycerol;  10  mM  /3-mercaptoethanol;  and  0.5  mM  PMSF)  before  long  term 
storage  at  -80  °C. 

Electrophretic  Mobility  Shift  Assay  (EMSA) 

For  EMSA,  the  ZRE  probe  was  obtained  by  annealing  two  comple¬ 
mentary  oligonucleotides  corresponding  in  sequence  to  the  consensus 
ZBRK1  DNA-binding  site:  5'-GATCCACGGGACGCAGGTGTTTTGT- 
GCCG-3'  and  5'-GATCCGGCACAAAACACCTGCGTCCCCjTG-3'  (39). 
Mutant  (Mut)  probe  was  obtained  by  annealing  two  oligonucleotides, 


5'-GATCCACCTCACGTTCGTGCACTGTGCCG-3'  and  5'-GATCCG- 
GCACAGTGCACGAACGTGAGGTG-3 '  (39).  Each  of  these  double- 
stranded  probes  carried  overhanging  ends,  which  were  filled  in  with 
[a-3ZP]dCTP  by  Klenow  enzyme.  In  each  reaction,  purified  MBP-ZBRKl 
fusion  proteins  (50  ng)  were  incubated  with  6000  cpm  of  a  32P-labeled 
double-stranded  oligonucleotide  probe  in  30  pi  of  EMSA  binding  buffer 
(25  mM  Tris-HCl  pH  7.5;  20  pM  ZnCl2;  12.5%  glycerol;  0.5  mM  PMSF; 
and  a  variable  concentration  of  NaCl  as  indicated).  Following  30  min  of 
incubation  at  room  temperature,  reaction  mixtures  were  loaded  onto  a 
5%  non-denaturing  polyacrylamide  gel  and  electrophoresed  at  200  V  for 
2  h  at  4  °C  in  0.5x  TBE.  Dried  gels  were  subjected  to  Phosphorlmager 
analysis  (Amersham  Biosciences). 

Cell  Culture,  Transfections,  and  Reporter  Assays 

Brcal—I—,  p53-/-  ( Brcal—t -),  and  p53-/—  (Brcal  +  /  +)  mouse 
embryo  fibroblasts  (MEFs)  (39)  and  U20S  human  osteosarcoma  cells 
were  cultured  in  Dulbecco’s  modified  Eagle’s  medium  (Invitrogen)  sup¬ 
plemented  with  10%  fetal  bovine  serum  (Hyclone,  Logan,  UT). 
Brcal+ /  +,  Brcal-/—,  and  U20S  cells  were  transfected  at  60%  conflu- 
ency  using  Effectene  reagent  (Qiagen,  Valencia,  CA),  and  the  expres¬ 
sion  and  reporter  plasmids  are  indicated  in  each  figure.  Each  transfec¬ 
tion  also  included  an  internal  control  plasmid,  pCHHO  (40),  expressing 
/3-galactosidase  under  control  of  the  SV40  promoter.  Forty-eight  hours 
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Fig.  2.  Identification  of  DNA-bind- 
ing  determinants  on  ZBRK1.  A,  sche¬ 
matic  representation  of  ZBRK1,  MBP- 
ZBRK1  AK,  and  MBP-ZBRK1  AK  broken 
finger  derivatives.  B,  purified  MBP- 
ZBRK1  AK  and  its  corresponding  broken 
finger  derivatives  as  indicated  were  re¬ 
solved  by  SDS-10%  PAGE  and  visualized 
by  Coomassie  Blue  staining.  Molecular 
weight  marker  positions  (Afr)  are  indi¬ 
cated.  C,  sequence-specific  DNA  binding 
activity  of  MBP-ZBRK1  AK  and  its  corre¬ 
sponding  broken  finger  derivatives. 
EMSA  was  performed  using  the  consen¬ 
sus  ZRE  probe  and  50  ng  of  either  MBP- 
ZBRK1  AK  or  each  of  its  corresponding 
broken  finger  derivatives  as  indicated. 
NP  indicates  no  protein  added  to  the 
EMSA  reaction.  The  positions  of  the  un¬ 
bound  ZRE  oligonucleotide  probe  (ZRE) 
and  the  ZRE-MBP-ZBRK1  AK  nucleopro- 
tein  complex  (ZRE-ZBRK1)  are  indicated. 
DNA-binding  reactions  were  performed  in 
200  mM  NaCl.  For  each  EMSA  reaction, 
the  proportional  fraction  of  ZRE  probe 
bound  by  MBP-ZBRK1  AK  or  its  broken 
finger  derivatives  is  indicated  below  each 
lane  and  was  determined  by  dividing  the 
number  of  radioactive  counts  in  the  bound 
probe  by  the  number  of  radioactive  counts 
in  the  bound  plus  the  unbound  probe.  ND, 
not  detectable. 
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post-transfection,  cells  were  harvested  and  lysed  in  Reporter  Lysis 
buffer  (Promega,  Madison,  WI).  Transfected  cell  lysates  (20  pi)  were 
analyzed  for  luciferase  activity  using  the  luciferase  assay  system  (Pro¬ 
mega,  Madison,  WI)  and  for  0-galactosidase  activity  using  the  Galacto- 
light  Plus  Chemiluminescent  Reporter  Assay  (BD  Biosciences).  Each 
transfection  was  repeated  a  minimum  of  3  times  in  duplicate. 

Yeast  Two-hybrid.  Interaction  Assay 

pGADT7-ZBRKl  5ZFC  and  its  truncation  (6ZFC,  7ZFC,  8ZFC,  0ZFC, 
5ZFC  Al,  5ZFC  A2,  and  5ZFC  A3)  and  broken  finger  (BF5,  BF6,  BF7, 
and  BF8)  derivatives  were  individually  co-transformed  along  with  pG- 
BKT7-BRCA1  (expressing  BRCA1  amino  acids  341-748)  into  the  yeast 
strain  Y187  (BD  Biosciences/Clontech).  After  selection,  colonies  were 
expanded  in  liquid  culture  for  assay  of  /3-galactosidase  activity  follow¬ 
ing  previously  established  procedures  (39). 

Transient  Expression  Analysis 

Steady-state  levels  of  GAL4-ZBRK1  5ZFC  protein  and  its  truncation 
and  substitution  derivatives  were  comparatively  analyzed  by  immuno- 
blot  analysis  of  transfected  whole  cell  extracts  in  order  to  verify  equiv¬ 
alent  levels  of  ectopic  protein  expression.  Briefly,  U20S  cells  trans¬ 
fected  with  GAL4-ZBRK1  5ZFC,  truncation  mutants  GAL4-ZBRK1 
6ZF,  7ZFC,  8ZFC,  0ZFC,  5ZFC  Al,  5ZFC  A2,  and  5ZFC  A3,  and  broken 
finger  mutants  GAL4-ZBRK1  5ZFC  BF5,  BF6,  BF7,  and  BF8  were 
lysed  in  Laemmli  sample  buffer,  resolved  by  SDS-10%  PAGE,  and 
subjected  to  immunoblot  analysis  using  an  antibody  directed  against 
the  GAL4  DNA-binding  domain  (sc-510,  Santa  Cruz  Biotechnology, 
Santa  Cruz,  CA)  and,  as  an  internal  control  protein,  the  p89  subunit  of 
TFIIH  (sc-293,  Santa  Cruz  Biotechnology,  Santa  Cruz,  CA).  Immuno¬ 
detection  was  performed  using  ECL  Western  blotting  detection  re¬ 
agents  (Amersham  Biosciences). 

RESULTS 

Identification  of  DNA-binding  Determinants  on  ZBRK1 — 
Previously,  we  demonstrated  a  strict  requirement  for  BRCA1 
in  ZBRK1  repression.  Specifically,  we  showed  that  ZBRK1 
repression  function  was  similarly  abrogated  by  genetic  ablation 
of  Brcal  or  by  deletion  of  the  BRCAl-binding  domain  on 
ZBRK1  (39).  The  BRCAl-binding  domain  on  ZBRK1  includes 
the  last  four  of  eight  ZBRK1  zinc  fingers  (zinc  fingers  5-8) 
along  with  the  ZBRK1  C  terminus  (39).  Whether  and  how  this 
zinc  finger  domain  contributes  to  the  sequence-specific  DNA 
binding  activity  of  ZBRK1,  however,  is  presently  unknown. 


Because  the  specification  of  individual  zinc  fingers  required  to 
bind  to  DNA  and/or  BRCA1  could  illuminate  the  underlying 
mechanism(s)  by  which  BRCA1  mediates  ZBRK1  repression, 
we  initially  sought  to  establish  both  the  number  and  identity  of 
the  ZBRK1  zinc  fingers  required  to  bind  DNA  and  BRCA1. 

With  respect  to  DNA  binding,  we  showed  previously  (39)  that 
the  eight  central  ZBRK1  zinc  fingers  collectively  recognize  a 
15-bp  consensus  sequence,  GGGxxxCAGxxxTW.  Based  on  the 
observation  that  one  C2H2  zinc  finger  can  bind  to  ~3  bp  of  DNA 
(52-54),  only  five  of  the  eight  ZBRK1  zinc  fingers  would  be 
predicted  to  bind  to  its  15-bp  consensus  sequence.  To  test  this 
prediction,  we  analyzed  a  panel  of  ZBRK1  zinc  finger  deletion 
derivatives  for  their  respective  abilities  to  bind  to  the  consen¬ 
sus  ZBRK1  DNA-binding  site  in  an  EMSA. 

To  this  end,  we  expressed  ZBRK1  as  a  maltose-binding  pro¬ 
tein  (MBP)  chimera  in  E.  coli,  which  permitted  the  purification 
of  otherwise  insoluble  ZBRK1  protein.  Full-length  MBP- 
ZBRK1  is  expressed  poorly,  whereas  MBP-ZBRK1  AK  (a  dele¬ 
tion  derivative  lacking  the  N-terminal  143  amino  acids  of  the 
532-amino  acid  full-length  ZBRK1  protein)  is  abundantly  ex¬ 
pressed.  ZBRK1  AK  lacks  the  N-terminal  KRAB  domain  but 
retains  the  ZBRK1  zinc  fingers  and  the  C  terminus,  elements 
that  are  required  for  binding  to  both  DNA  and/or  BRCA1  (Fig. 
1,  A  and  B).  We  have  therefore  utilized  this  recombinant 
ZBRK1  derivative  as  the  background  into  which  truncation  and 
substitution  mutations  have  been  introduced  for  purposes  of 
DNA  binding  assays. 

In  an  EMSA,  MBP-ZBRK1  AK  produced  a  discrete  nucleo- 
protein  complex  on  a  double-stranded  oligonucleotide  probe 
corresponding  to  the  consensus  ZBRKl-response  element 
(ZRE);  a  molar  excess  of  unlabeled  WT  ZRE  probe  (WT  probe), 
but  not  a  mutant  probe  (Mut  probe),  efficiently  competed  for 
the  formation  of  this  complex,  thus  establishing  sequence-spe¬ 
cific  DNA  binding  by  MBP-ZBRK1  AK  in  this  assay  (Fig.  1C). 
To  determine  the  number  and  identity  of  the  ZBRK1  zinc 
fingers  required  to  bind  to  its  consensus  sequence,  we  analyzed 
a  series  of  C-terminal  truncation  derivatives  bearing  stepwise 
deletions  of  individual  ZBRK1  zinc  fingers  (Fig.  1,  A  and  B).  In 
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Fig.  3.  Identification  of  BRCAl-binding  determinants  on  ZBRK1.  The  ZBRKl-binding  region  on  BRCA1  (amino  acids  341-748)  (39), 
expressed  as  a  GAL4  DNA-binding  domain  fusion  protein  (in  the  plasmid  pGBKT7),  was  tested  for  interaction  with  the  indicated  fragments  of 
ZBRK1  fused  to  the  GAL4  transactivation  domain  (plasmid  pGADT7)  in  yeast  two-hybrid  assays.  /3-Galactosidase  activities  were  quantified  as 
described  previously  (39).  Corresponding  /3-galactosidase  activities  obtained  with  each  pGADT7-ZBRKl  5ZFC  derivative  are  expressed  relative  to 
that  observed  with  the  backbone  pGADT7  expression  vector  alone,  which  was  arbitrarily  assigned  a  value  of  1.  Values  represents  the  average  of 
three  independent  assays,  each  performed  in  triplicate,  and  error  bars  represent  the  mean  ±  S.D.  As  a  comparative  measure  of  interaction 
strength,  the  average  0-galactosidase  activity  obtained  with  pGBKT7-p53  and  pGADT7-Large  T  antigen  was  512  ±  13.5.  The  validity  of  two-hybrid 
interactions  observed  in  these  experiments  was  further  substantiated  by  the  following  controls.  First,  we  confirmed  that  the  observed  0-galacto- 
sidase  activities  were  dependent  upon  BRCA1  sequences  expressed  from  the  plasmid  pGBKT7-BRCAl  by  performing  a  parallel  series  of  interaction 
assays  with  individual  pGADT7-ZBRKl  5ZFC  derivatives  and  the  backbone  vector  pGBKT7  as  a  negative  control.  Second,  immunoblot  analyses 
of  yeast  whole  cell  extracts  confirmed  that  each  of  the  pGADT7-ZBRKl  5ZFC  fusion  proteins  was  expressed  at  roughly  equivalent  levels,  thus 
excluding  the  possibility  that  differences  in  (1-galactosidase  activities  derive  from  difference  in  fusion  protein  expression. 


100  mM  NaCl,  truncation  of  the  ZBRK1  C  terminus  (MBP- 
ZBRK1  AK  8ZF)  did  not  appreciably  affect  DNA  binding  rela¬ 
tive  to  intact  MBP-ZBRK1  AK  (Fig.  ID).  Interestingly,  deletion 
of  the  eighth  and  last  ZBRK1  zinc  finger  along  with  the  C 
terminus  (MBP-ZBRK1  AK  7ZF)  led  to  an  increase  in  DNA 
binding  activity,  suggesting  that  ZBRK1  ZF8,  and  possibly  the 
C  terminus,  constrains  sequence-specific  DNA  binding  medi¬ 
ated  by  the  first  seven  zinc  fingers  (Fig.  ID).  This  effect  was 
exacerbated  under  more  stringent  DNA  binding  conditions 
(200  mM  NaCl)  (Fig.  ID).  At  100  mM  NaCl,  stepwise  truncation 
of  zinc  fingers  7  to  5  led  to  a  slight  incremental  reduction  in 
sequence-specific  DNA  binding  activity  (Fig.  ID).  ZBRK1  de¬ 
rivatives  bearing  less  than  four  zinc  fingers  failed  to  bind  to 
DNA,  thereby  establishing  zinc  fingers  1-4  as  the  minimal 
ZBRK1  DNA-binding  domain  under  these  conditions  (Fig.  ID). 
Identical  results  were  observed  at  50  mM  NaCl  (data  not 


shown).  At  200  mM  NaCl,  zinc  fingers  1-5  were  required  for 
stable  DNA  binding,  and  the  inclusion  of  zinc  fingers  6  and  7 
incrementally  stabilized  binding  (Fig.  IE). 

To  examine  more  rigorously  the  role  of  zinc  fingers  5-8  in 
sequence-specific  DNA  binding  by  ZBRK1,  we  examined  a  set 
of  “broken  finger”  mutants  bearing  substitution  mutations 
within  each  of  these  zinc  fingers.  This  approach  permitted  us  to 
assess  the  individual  contribution  of  each  finger  within  the 
BRCAl-binding  domain  to  overall  DNA  binding  activity  in  the 
context  of  the  eight-fingered  ZBRK1  AK  protein  and  thereby 
circumvent  potential  artifacts  arising  from  analyses  of  trunca¬ 
tion  mutants.  Each  broken  finger  mutant  bears  a  His-to-Asn 
substitution  mutation  at  the  first  of  the  two  conserved  His 
residues  within  the  targeted  C2H2  zinc  finger  (Fig.  2,  A  and  B). 
The  relative  conservative  nature  of  this  substitution  eliminates 
zinc  coordination  within  the  targeted  finger,  thereby  disrupting 
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Fig.  4.  ZBRKl  harbors  two  independent  transcriptional  repression  domains.  A  and  B,  human  U20S  cells  were  transfected  with  30  ng 
of  pG5TK-Luc  bearing  five  copies  of  the  GAL4  DNA-binding  site  sequence  upstream  of  the  TK  promoter  without  or  with  the  indicated  nanogram 
amounts  of  GAL4-ZBRK1  5ZFC  (A)  or  GAL4-KRAB  (B).  In  this  and  all  subsequent  transfection  experiments  involving  effector  plasmid  titrations, 
the  total  amount  of  DNA  in  each  transfection  was  fixed  by  reciprocal  titration  of  the  corresponding  backbone  expression  plasmid.  Also,  in  this  and 
all  subsequent  transfection  experiments,  the  relative  luciferase  activity  represents  the  ratio  of  the  luciferase  activity  obtained  in  a  particular 
transfection  to  that  obtained  in  cells  transfected  with  only  the  reporter  and  pM  (GAL4  DNA-binding  domain)  expression  vectors  alone.  Luciferase 
activities  were  first  normalized  to  0-galactosidase  activity  obtained  by  co-transfection  of  the  SV4O-0-gal  vector  (15  ng)  as  described  previously  (39). 
Error  bars  represent  the  S.D.  from  the  average  of  at  least  three  independent  transfections  performed  in  duplicate.  C,  schematic  representation  of 
GAL4-ZBRK1  5ZFC  and  GAL4-ZBRK1  KRAB  chimeras  (amino  acid  sequences  fused  to  the  GAL4  DNA-binding  domain  are  indicated  numerically 
above  each  chimera)  and  the  pG5TK-Luc  reporter  template  used  in  transfection  assays. 


its  local  structure  with  little  effect  on  the  integrity  of  the 
remainder  of  the  protein  (55,  56).  Consistent  with  the  results 
obtained  using  C-terminal  truncation  mutants,  analysis  of  in¬ 
dividual  BF  mutants  5-8  revealed  zinc  finger  5  to  be  an  im¬ 
portant  ZBRKl  determinant  for  stable  DNA  binding,  whereas 
zinc  fingers  6  and  7  promote  but  are  not  essential  for  binding 
(Fig.  2C).  Disruption  of  zinc  finger  8  did  not  appreciably  affect 
the  DNA  binding  activity  of  MBP-ZBRK1  AK,  suggesting  that 
zinc  finger  8  is  largely  dispensable  for  stable  association  with 
DNA  (Fig.  2C).  Furthermore,  local  disruption  of  zinc  finger  8 
did  not  relieve  constraints  on  the  DNA  binding  activity  of 
MBP-ZBRK1  AK,  suggesting  that  the  C  terminus  of  ZBRKl  can 
also  mask  the  inherent  DNA  binding  activity  of  ZBRKl  zinc 
fingers  1-7  (Fig.  20.  In  summary,  the  results  of  DNA-binding 
analyses  delimit  the  core  ZBRKl  DNA-binding  domain  to  zinc 
fingers  1-4;  these  zinc  fingers  are  minimally  required  for  sta¬ 
ble  DNA  binding  under  relatively  non-stringent  conditions  of 
ionic  strength.  Zinc  finger  5  is  a  critical  and  context-dependent 
determinant  of  stable  binding  and  represents  the  extent  of  the 
minimal  DNA-binding  domain  under  more  stringent  binding 
conditions.  Zinc  fingers  6  and  7,  although  nonessential,  none¬ 
theless  further  stabilize  DNA  binding  mediated  by  zinc  fingers 
1-5.  Finally,  zinc  finger  8  and  the  C  terminus  apparently 


destabilize  the  maximum  potential  DNA  binding  activity  in¬ 
herent  in  zinc  fingers  1-7. 

Identification  of  BRC A 1  -binding  Determinants  on  ZBRKl — 
Next,  we  sought  to  establish  more  precisely  the  molecular  deter¬ 
minants  on  ZBRKl  required  for  BRCA1  binding.  Previously,  we 
mapped  the  BRCAl-binding  domain  on  ZBRKl  to  encompass  a 
broad  region  extending  from  zinc  finger  5  through  the  C  terminus 
(5ZFC)  (39).  To  more  narrowly  define  the  BRCAl-binding  deter¬ 
minants  on  ZBRKl,  we  examined  the  contribution  of  individual 
zinc  fingers  5-8  as  well  as  sequences  within  the  ZBRKl  C  ter¬ 
minus  to  BRCA1  binding  using  a  yeast  two-hybrid  interaction 
assay.  To  this  end,  individual  substitution  and  truncation  muta¬ 
tions  within  ZBRKl  5ZFC  were  translationally  fused  to  the 
GAL4  transactivation  domain  and  tested  for  their  respective 
abilities  to  bind  to  the  ZBRKl-interaction  domain  on  BRCA1 
(amino  acids  341-748),  translationally  fused  to  the  GAIN  DNA- 
binding  domain  in  yeast  (Fig.  3).  Corresponding  |3-galactosidase 
activities  identified  critical  determinants  of  BRCA1  interaction 
on  ZBRKl  to  include  the  C  terminus  as  well  as  zinc  fingers  7  and 
8  (Fig.  3).  Deletion  of  only  9  amino  acids  from  the  C  terminus 
significantly  compromised  BRCA1  binding,  indicating  that  the 
unique  C  terminus  on  ZBRKl  is  required  in  its  entirety  for 
efficient  interaction  with  BRCA1  (Fig.  3).  This  observation  sug- 
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Fig.  5.  The  ZBRK1  5ZFC  and  KRAB  repression  domains  function  in  a  BRCAX -dependent  and  BRCAX-independent  manner, 
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legend  to  Fig.  4.  D,  schematic  representation  of  the  GAL4  DNA-binding  domain,  the  GAL4-ZBRK1  5ZFC  and  GAL4-ZBRK1  KRAB  chimeras,  and 
the  pG5TK-Luc  reporter  template  used  in  transfection  assays. 


gests  that  the  overall  conformation  of  the  C  terminus  is  likely  to 
be  important  for  BRCA1  interaction.  Whereas  ZBRK1  zinc  fin¬ 
gers  7  and  8  are  critical  for  BRCA1  interaction,  zinc  fingers  5  and 
6  do  not  appear  to  contribute  to  BRCA1  binding  (Fig.  3).  Taken 
together,  these  results  indicate  that  important  BRCAl-binding 
determinants  on  ZBRK1  include  those  that  also  modulate  its 
sequence-specific  DNA  binding  activity  in  both  a  positive  (zinc 
finger  7)  and  negative  (zinc  finger  8  and  the  C  terminus)  manner. 

The  BRCAl-binding  Domain  on  ZBRK1  Functions  as  an 
Autonomous  BRCA1- dependent  Transcriptional  Repression  Do¬ 
main — The  fact  that  BRCA1  contacts  ZBRK1  through  surfaces 
that  are  not  essential  but  nonetheless  modulatory  with  respect 
to  DNA  binding  suggests  several  potential  mechanisms  by 
which  BRCA1  might  mediate  transcriptional  repression  by 
ZBRK1.  First,  BRCA1  could  mediate  ZBRK1  repression,  at 
least  in  part,  by  modulating  its  sequence-specific  association 
with  DNA.  This  possibility  is  currently  under  investigation. 
Alternatively,  or  additionally,  BRCA1  could  mediate  repression 
by  DNA-bound  ZBRK1.  This  possibility  is  supported  by  our 
previous  observation  that  clinically  validated  missense  muta¬ 
tions  within  the  BRCA1  C  terminus  that  do  not  disrupt  its 
interaction  with  ZBRK1  nonetheless  abrogate  its  ZBRK1  co¬ 


repressor  activity  (39).  To  test  this  possibility  directly,  we  ex¬ 
amined  whether  the  BRCAl-binding  domain  on  ZBRK1  could 
function  as  a  BRCAl-dependent  transcriptional  repression  do¬ 
main  when  tethered  to  a  heterologous  DNA-binding  domain. 
This  approach  permitted  us  to  assess  the  influence  of  BRCA1 
on  the  repression  function  of  ZBRK1  independently  of  any 
effects  that  it  might  have  on  the  DNA  binding  activity  of 
ZBRK1.  Accordingly,  we  initially  tested  the  ability  of  ZBRK1 
5ZFC  (extending  from  zinc  finger  5  to  the  C  terminus)  to 
function  as  an  independent  repression  domain  when  linked  to 
the  GAL4  DNA-binding  domain.  GAL4-ZBRK1  5ZFC  was  tran¬ 
siently  expressed  in  U20S  human  osteosarcoma  cells,  and  its 
influence  on  transcription  from  a  pG5TK-Luc  reporter  template 
bearing  five  copies  of  the  consensus  GAL4  DNA-binding  site 
upstream  of  the  herpes  simplex  virus  (HSV)  TK  gene  promoter 
was  examined.  GAL4-ZBRK1  5ZFC  conferred  greater  than  10- 
fold  repression  upon  reporter  gene  expression  in  a  dose-de¬ 
pendent  manner  (Fig.  4A).  We  also  confirmed  the  presence  of  a 
potent  KRAB  repression  domain  within  the  ZBRK1  N  terminus 
by  examining  its  ability  repress  pG5TK-Luc  reporter  gene  ex¬ 
pression  when  tethered  to  the  GAL4  DNA-binding  domain  (Fig. 
4B).  Based  on  quantitative  immunoblot  analysis  of  transfected 
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Fig.  6.  Functional  analysis  of  ZBRK1  5ZFC  truncation  and  substitution  derivatives.  A-C,  U20S  cells  were  transfected  with  30  ng  of 
pG6TK-Luc  and  the  following  amounts  of  GAL4-ZBRK1  5ZFC  or  its  indicated  derivatives:  A,  5ZFC,  400  ng;  6ZFC,  7ZFC,  8ZFC,  and  C,  200  ng;  B, 
5ZFC  or  its  indicated  broken  finger  derivatives,  200  ng;  C,  5ZFC,  400  ng;  Al,  200  ng;  A2,  400  ng;  A3,  200  ng.  In  each  panel,  the  relative  repression 
level  represents  the  relative  luciferase  activity  obtained  with  a  particular  GAL4-ZBRK1  5ZFC  derivative  divided  by  that  obtained  with  GAL4- 
ZBRK1  5ZFC.  Relative  luciferase  activities  were  calculated  as  described  in  the  legend  to  Fig.  4.  In  these  experiments,  the  relative  luciferase  activity 
observed  with  GAL4-ZBRK1  5ZFC  (three  independent  transfections  performed  in  duplicate)  was  as  follows:  A,  0.10  corresponding  to  10-fold 
repression  of  reporter  template  activity;  B,  0.21  corresponding  to  an  approximate  5-fold  repression  of  reporter  template  activity;  C,  0.08 
corresponding  to  12.5-fold  repression  of  reporter  template  activity.  To  confirm  that  GAL4-ZBRK1  5ZFC  and  its  truncation  and  substitution 
derivatives  are  expressed  at  roughly  equivalent  levels,  lysates  from  U20S  cells  transfected  with  GAL4-ZBRK1  5ZFC  or  its  derivatives  (the  same 
amounts  used  in  functional  analysis  and  indicated  above)  were  resolved  by  SDS-10%  PAGE  and  subjected  to  immunoblot  analysis  using  antibodies 
specific  for  the  GAL4  DNA-binding  domain.  Molecular  weight  marker  positions  (Mr)  are  indicated.  GAL4-ZBRK1  5ZFC  and  its  derivatives  are 
represented  schematically  at  the  top  of  each  panel. 


cell  extracts,  the  ZBRK1  KRAB  domain,  on  a  molar  basis, 
appears  to  be  a  stronger  transcriptional  repression  domain 
than  the  ZBRK1  BRCAl-binding  domain  (data  not  shown). 
Nonetheless,  this  result  indicates  the  presence  within  ZBRK1 
of  two  portable  transcriptional  repression  domains,  an  N-ter- 
minal  KRAB  domain  and  a  novel  C-terminal  transcriptional 
repression  domain  (5ZFC)  that  encompasses  the  BRCAl-bind¬ 
ing  domain. 

To  confirm  the  requirement  for  BRCA1  in  transcriptional 
repression  by  ZBRK1  5ZFC,  we  tested  the  repression  function 
of  GAL4-ZBRK1  5ZFC  in  Brcal  +  I  +  and  Brcal-I-  MEF  cells. 
GAL4-ZBRK1  5ZFC  conferred  up  to  10-fold  repression  in 
Brcal  +  /  +  MEFs,  whereas  little  or  no  repression  activity  was 
observed  in  Brcal-I-  MEFs  (Fig.  5A).  Ectopic  expression  of 
BRCA1  in  Brcal-I-  MEFs  restored  ZBRK1  5ZFC-directed 
transcriptional  repression  (Fig.  5 B),  establishing  conclusively 
that  BRCA1  mediates  repression  by  DNA-bound  ZBRK1  5ZFC. 
In  contrast  to  ZBRK1  5ZFC,  the  ZBRK1  KRAB  domain  re¬ 
pressed  transcription  equivalently  in  both  Brcal  +  I  +  and 
Brcal-I-  MEFs  (Fig.  5 C).  Thus,  the  N-terminal  KRAB  and 
C-terminal  5ZFC  repression  domains  within  ZBRK1  can  be 
distinguished  functionally  on  the  basis  of  their  respective  re¬ 
quirements  for  BRCA1. 

BRCAl-binding  Is  Necessary  but  Not  Sufficient  for  ZBRK1 


5ZFC  Repression  Function — To  more  narrowly  define  the 
boundaries  of  the  BRCAl-dependent  5ZFC  repression  domain 
within  ZBRK1,  we  examined  a  panel  of  ZBRK1  5ZFC  trunca¬ 
tion  and  substitution  mutants  for  their  respective  repression 
activities  in  vivo.  Relative  to  the  intact  5ZFC  domain,  deletion 
or  disruption  of  zinc  fingers  5  or  6  individually  reduced  repres¬ 
sion  activity  by  2-3-fold  (Fig.  6,  A  and  B ),  whereas  individual 
deletion  or  disruption  of  zinc  fingers  7  or  8  reduced  repression 
activity  by  3-6-fold  (Fig.  6,  A  and  B).  These  results  indicate 
that  zinc  fingers  5-8  are  all  required  for  the  integrity  of  the 
5ZFC  repression  domain,  although  zinc  fingers  7  and  8  appear 
to  be  quantitatively  more  important.  Deletion  of  only  9  amino 
acids  from  the  C  terminus  of  ZBRK1  severely  compromised  the 
repression  function  of  the  5ZFC  domain,  indicating  that  the 
entire  C  terminus  is  likely  to  be  important  for  5ZFC  repression 
activity  (Fig.  6C).  Thus,  the  5ZFC  repression  domain  extending 
from  ZBRK1  zinc  finger  5  through  the  C  terminus  appears  to 
constitute  an  intact  repression  domain  that  cannot  be  further 
delimited.  This  analysis  also  reveals  an  imperfect  correlation 
between  BRCA1  binding  and  transcriptional  repression  by  the 
5ZFC  repression  domain.  Thus,  disruption  of  ZBRK1  zinc  fin¬ 
gers  7  or  8  or  truncation  of  the  C  terminus  severely  compro¬ 
mised  BRCA1  binding  (Fig.  3)  and  transcriptional  repression 
(Fig.  6).  By  contrast,  disruption  of  zinc  fingers  5  or  6,  which  are 
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Fig.  7.  ZBRK1  5ZFC-directed  repression  is  reversed  by  tricho- 
statin  A.  A,  U20S  cells  were  transfected  with  30  ng  of  pG5TK-Luc 
without  or  with  the  indicated  nanogram  amounts  of  GAL4-ZBRK1 
5ZFC  or  GAL4-ZBRK1  C.  Where  indicated,  TSA  (330  nM)  was  also 
included.  Relative  luciferase  activities  were  calculated  as  described  in 
the  legend  to  Fig.  4.  B,  schematic  representation  of  the  GAL4-ZBRK1 
5ZFC  and  GAL4-ZBRK1  C  chimeras  and  the  pG5TK-Luc  reporter  tem¬ 
plate  used  in  transfection  assays. 


not  required  for  BRCA1  binding  (Fig.  3),  nonetheless  signifi¬ 
cantly  compromised  transcriptional  repression  (Fig.  6,  A  and 
B).  On  this  basis  we  conclude  that  BRCA1  binding  is  necessary 
but  not  sufficient  for  5ZFC  repression  function.  This  suggests 
that  ZBRK1  zinc  fingers  5  and  6  may  possibly  contact  an 
additional  co-repressor(s). 

The  BRCA1  -dependent  5ZFC  Repression  Domain  Is  Histone 
Deacetylase-dependent  and  Promoter-specific — Previously, 
BRCA1  has  been  shown  to  interact  through  its  C-terminal 
BRCT  repeats  with  histone  deacetylases  (HDACs)  1  and  2  (57). 
HDACs  remove  acetyl  groups  from  lysine  residues  on  histone 
tails  and  thus  promote  the  formation  of  transcriptionally  re¬ 
pressive  chromatin.  To  determine  the  contribution  of  HDAC 
activity  to  repression  mediated  by  ZBRK1  5ZFC,  we  tested  the 
effect  of  the  selective  HDAC  inhibitor  trichostatin  A  (TSA)  on 
repression  mediated  by  GAL4-ZBRK1  5ZFC.  TSA  largely  re¬ 
versed  GAL4-ZBRK1  5ZFC  repression  in  U20S  cells,  implicat¬ 
ing  HDAC  activity  in  this  process  (Fig.  7). 

Like  the  ZBRK1  5ZFC  repression  domain,  KRAB  repression 
domains  function  through  HDACs  as  well  as  through  histone 
methyltransferases  and  heterochromatin  proteins  (41-47). 
This  prompted  us  to  comparatively  examine  the  promoter  spec¬ 
ificities  of  the  ZBRK1  5ZFC  and  KRAB  repression  domains. 
The  ZBRK1  N-terminal  KRAB  domain  repressed  transcription 
potently  from  each  of  three  different  RNA  polymerase  II  pro¬ 
moters  tested:  the  SV40  major  late,  the  HSV  TK,  and  the 
human  small  nuclear  ribonucleoprotein  N  (SNRPN)  promoters 
(Fig.  8 B).  By  contrast,  ZBRK1  5ZF5C  repressed  transcription 
potently  from  the  HSV  TK  promoter,  moderately  from  the  SV40 


promoter,  and  not  at  all  from  the  SNRPN  promoter  (Fig.  8A). 
These  results  indicate  that  the  ZBRK1  KRAB  and  5ZFC  re¬ 
pression  domains  can  be  distinguished  functionally  not  only  by 
their  requirement  for  BRCA1  but  also  on  the  basis  of  their 
promoter  specificities;  whereas  the  ZBRK1  KRAB  repression 
domain  exhibits  broad  promoter  selectivity,  the  BRCAl-de- 
pendent  5ZFC  repression  domain  exhibits  a  more  restricted 
promoter  bias. 


DISCUSSION 

A  central  question  regarding  the  role  of  BRCA1  in  transcrip¬ 
tion  control  concerns  the  means  by  which  it  mediates  gene- 
specific  regulation  in  the  absence  of  sequence-specific  DNA 
binding  activity.  In  part,  this  question  has  been  answered  by 
the  identification  of  a  growing  number  of  sequence-specific 
DNA-binding  transcription  factors  with  which  BRCA1  physi¬ 
cally  and  functionally  interacts.  In  this  regard,  our  previous 
identification  of  ZBRK1  as  a  BRCAl-dependent  transcriptional 
repressor  provided  a  molecular  basis  to  link  BRCA1  directly  to 
the  regulation  of  GADD45a  gene  expression  (39).  Other  work 
has  rendered  it  clear  that  the  BRCA1  regulation  of  GADD45a 
gene  transcription  is  likely  to  be  complex  and  mediated  not 
only  through  ZBRK1  but  other  trans-acting  factors,  including 
OCT1  and  NF-YA  (21,  32,  39).  Presently,  however,  little  is 
known  regarding  the  mechanism(s)  by  which  BRCA1  mediates 
sequence-specific  transcriptional  control  through  the  various 
transcription  factors  with  which  it  interacts.  Here  we  have 
investigated  the  functional  interaction  between  ZBRK1  and 
BRCA1  in  an  effort  to  understand  the  role  of  BRCA1  in  se¬ 
quence-specific  transcriptional  repression. 

Our  studies  suggest  that  BRCA1  mediates  ZBRK1  repres¬ 
sion,  at  least  in  part,  through  its  targeted  recruitment  to  a 
novel  C-terminal  repression  domain  (5ZFC)  within  ZBRK1. 
Structurally,  this  repression  domain  comprises  the  last  four 
zinc  fingers  and  the  unique  C-terminal  extension  of  ZBRK1. 
The  identification  of  5ZFC  as  a  discrete  functional  domain  was 
revealed  by  its  ability  to  repress  transcription  when  tethered  to 
a  heterologous  DNA-binding  domain  (Fig.  4)  and  its  functional 
resistance  to  truncation  or  substitution  mutagenesis  (Fig.  6). 
Importantly,  we  demonstrated  that  5ZFC  repression  function 
is  dependent  upon  BRCA1;  genetic  ablation  of  Brcal  or  disrup¬ 
tion  of  BRCA1 -binding  determinants  on  5ZFC  similarly  abro¬ 
gates  the  repression  function  of  this  domain  (Figs.  5  and  6).  The 
functional  contribution  of  this  domain  to  BRCAl-dependent 
ZBRK1  repression  is  reflected  by  our  previous  observation  that 
deletion  of  the  ZBRK1  C  terminus  abrogates  ZBRK1  repression 
through  natural  ZBRKl-response  elements  (39).  However, 
whereas  BRCA1  binding  is  necessary,  our  studies  here  suggest 
that  it  is  not  sufficient  for  5ZFC-directed  repression.  First, 
BRCA1  binding  and  repression  determinants  within  this  do¬ 
main  can  be  separated,  suggesting  a  possible  functional  re¬ 
quirement  for  a  co-repressor(s)  in  addition  to  BRCA1  (Figs.  3 
and  6).  Second,  5ZFC-directed  repression  is  HDAC-dependent 
(Fig.  7).  Thus,  we  propose  that  the  ZBRK1  5ZFC  repression 
domain  recruits  BRCA1  as  part  of  a  higher  order  repression 
complex  that  minimally  includes  an  associated  HDAC  activity. 
Targeted  attempts  to  identify  the  functionally  relevant 
BRCAl-associated  co-repressor  activities  are  currently 
underway. 

Our  work  further  reveals  unique  insight  into  the  structural 
and  functional  organization  of  ZBRK1,  a  member  of  the  KRAB- 
ZFP  family.  The  —220  members  of  this  family  make  up  a 
significant  proportion  of  the  transcription  factor  complement  of 
the  human  proteome  and  are  believed  to  occupy  important 
regulatory  roles  in  development,  differentiation,  and  transfor¬ 
mation  (41,  58-63).  Despite  their  potential  biological  signifi¬ 
cance,  our  current  understanding  of  the  mechanisms  through 
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Fig.  8.  The  ZBRK1  KRAB  and  5ZFC  repression  domains  exhibit  unique  promoter  specificities.  A  and  B,  U20S  cells  were  transfected 
with  30  ng  of  pG6TK-Luc,  15  ng  pG6SV40-Luc,  or  90  ng  pG5SNRPN-Luc  as  indicated  without  or  with  the  indicated  nanogram  amounts  of 
GAL4-ZBRK1  5ZFC  (A)  or  GAL4-ZBRK1  KRAB  (£!).  Relative  luciferase  activities  were  calculated  as  described  in  the  legend  to  Fig.  4.  C.  schematic 
representation  of  the  GAL4-ZBRK1  KRAB  and  GAL4-ZBRK1  5ZFC  chimeras,  and  the  pG5TK-Luc,  pG5SV40-Luc,  and  pG5SNRPN-Luc  reporter 
templates  used  in  transfections. 


which  individual  members  of  this  protein  family  function  is 
still  rather  limited.  Thus,  although  considerable  mechanistic 
insight  into  the  repression  function  of  the  KRAB  domain  has 
been  revealed  in  recent  years  (41-47),  comparatively  little  is 
known  regarding  the  role  of  KRAB  domain-associated  zinc 
fingers  in  transcriptional  repression  apart  from  their  presumed 
role  in  sequence-specific  DNA  binding.  In  part,  this  gap  in 
knowledge  derives  from  the  limited  availability  of  KRAB-ZFP 
target  sequences  with  which  structure-function  analyses  may 
be  carried  out.  In  the  case  of  several  KRAB-ZFPs  whose  corre¬ 
sponding  binding  site  sequences  have  been  identified,  an  addi¬ 
tional  function(s)  for  individual  zinc  fingers  beyond  DNA  bind¬ 
ing  seems  implicit.  For  example,  based  on  the  observation  that 
one  C2H2  zinc  finger  can  bind  to  ~3  bp  of  DNA  (52-54),  the 
established  target  sequence  lengths  of  5  and  27  bp,  respec¬ 
tively,  for  the  8-  and  10-fingered  ZNF202  and  KS1  proteins  are 
incompatible  with  DNA  contact  mediated  by  every  zinc  finger 
(61,  63).  Our  previous  derivation  of  a  consensus  binding  se¬ 
quence  for  ZBRK1  has  permitted  us  here  to  dissect  a  long  array 
KRAB-ZFP  and  examine  the  contribution  of  individual  zinc 
fingers  to  both  sequence-specific  DNA-binding  and  transcrip¬ 
tional  repression.  Our  studies  reveal  the  ZBRK1  zinc  fingers  to 
be  multifunctional  in  nature,  with  dedicated  roles  in  binding 
DNA,  BRCA1,  or  both. 

First,  zinc  fingers  1-4  are  essential  for  DNA  binding  activity 
and  compose  the  minimal  DNA-binding  domain  under  moder¬ 
ate  conditions  of  ionic  strength  (Fig.  1).  Zinc  finger  5  appears  to 
be  a  critical  and  context-dependent  DNA-binding  zinc  finger; 
this  finger  represents  the  extent  of  the  minimal  DNA-binding 
domain  under  more  stringent  conditions  (Fig.  1).  Zinc  fingers  6 


and  7  are  not  essential  for  DNA  binding  but  nonetheless  en¬ 
hance  the  stability  of  DNA  binding  (Figs.  1  and  2).  Finally,  zinc 
finger  8  (along  with  the  C  terminus)  is  dispensable  for,  and  may 
possibly  destabilize,  DNA  binding  mediated  by  zinc  fingers  1-7 
(Fig.  1).  Taken  together,  these  findings  reveal  the  ZBRK1  zinc 
fingers  to  compose  at  least  two  functional  classes:  those  that 
make  minimal  essential  contacts  with  DNA  (fingers  1-4)  and 
those  that  modulate  the  stability  of  these  contacts  (fingers 
5-8).  Importantly,  zinc  fingers  5-8  that  modulate  ZBRK1  DNA 
binding  activity  also  represent  critical  determinants  of  repres¬ 
sion  by  DNA-bound  ZBRK1  through  association  with  co-repres¬ 
sors,  including  BRCA1.  These  findings  thus  extend  the  estab¬ 
lished  role  of  KRAB-zinc  fingers  to  include  protein-protein 
interactions  critical  for  transcriptional  repression,  and  also 
identify  within  ZBRK1  dual  specificity  zinc  fingers  with  twin 
roles  in  DNA-binding  and  transcriptional  repression. 

Our  work  advances  the  understanding  of  DNA  recognition  by 
KRAB-ZFPs  in  several  respects.  First,  we  provide  further  em¬ 
pirical  evidence  to  support  predictive  models  for  C2H2  zinc 
finger-DNA  recognition.  Structural  studies  of  3-  and  5-fingered 
proteins  in  complex  with  DNA  have  indicated  that  individual 
zinc  fingers  bind  to  —3  bp  of  DNA  (52-54).  Based  on  this  model, 
five  of  the  eight  ZBRK1  zinc  fingers  would  be  predicted  to  bind 
to  its  15-bp  recognition  sequence.  In  fact,  DNA-binding  analy¬ 
ses  revealed  that  under  mild  conditions  of  ionic  strength,  the 
first  four  ZBRK1  zinc  fingers  are  sufficient  to  confer  stable 
binding  to  its  consensus  sequence.  However,  more  stringent 
conditions  unmasked  a  requirement  for  the  fifth  finger,  con¬ 
sistent  with  the  aforementioned  structural  models.  Second,  our 
identification  of  ZBRK1  zinc  finger  5  as  a  critical  and  context- 
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dependent  DNA-binding  determinant  could  clarify  recent  is¬ 
sues  concerning  selectivity  among  KRAB-ZFPs  that  recognize 
overlapping  DNA-binding  site  sequences.  In  this  regard,  a  four¬ 
fingered  KRAB-ZFP  called  SZF1  was  recently  shown  to  recog¬ 
nize  a  DNA-binding  site  in  common  with  ZBRK1  (64).  The 
observation  that  SZF1  and  ZBRK1  exhibit  overlapping  DNA- 
binding  specificities  in  vitro  raises  the  possibility  that  these 
proteins  might  compete  for  a  common  binding  site(s)  in  vivo 
(64).  This,  in  turn,  could  have  significant  implications  for  the 
biological  regulation  of  target  gene  transcription  by  each  of 
these  proteins.  However,  as  we  show  here,  ZBRK1  zinc  finger  5 
is  a  critical  DNA-binding  determinant  under  more  stringent 
conditions  of  increased  ionic  strength  and  also  increased  non¬ 
specific  competitor  concentrations  in  vitro  (Fig.  1  and  data  not 
shown).  Because  these  conditions  are  more  likely  to  approxi¬ 
mate  those  of  the  cellular  milieu,  in  which  target  site  location 
must  be  achieved  in  the  presence  of  a  vast  excess  of  like  and 
unlike  DNA  sequences,  ZBRK1  zinc  finger  5  could  represent  a 
critical  determinant  of  target  site  selection  in  vivo.  Beyond  zinc 
finger  5,  zinc  fingers  6  and  7  through  enhanced  affinity  and/or 
protein-protein  interactions  could  further  influence  ZBRK1 
target  site  selectivity. 

Our  identification  within  ZBRK1  of  a  C-terminal  BRCAl-de- 
pendent  repression  domain  in  addition  to  the  N-terminal 
KRAB  domain  represents  the  first  demonstration  of  a  KRAB- 
ZFP  harboring  two  independent  repression  domains.  More  im¬ 
portantly,  the  presence  of  two  inherent  repression  domains 
could  have  important  implications  for  gene-specific  transcrip¬ 
tion  control  by  ZBRK1.  As  we  show  here,  the  KRAB  and  C- 
terminal  repression  domains  within  ZBRK1  can  be  distin¬ 
guished  functionally  on  the  basis  of  their  respective 
requirements  for  BRCA1;  the  C-terminal  repression  domain  is 
BRCAl-dependent,  whereas  the  KRAB  domain  is  not.  This 
functional  distinction  may  in  part  underlie  the  unique  pro¬ 
moter  specificities  of  the  two  repression  domains.  Whereas  the 
KRAB  repression  domain  exhibits  broad  promoter  specificity, 
the  BRCAl-dependent  repression  domain  exhibits  a  more  re¬ 
stricted  promoter  bias.  Thus,  the  relative  contribution  of  the 
BRCAl-dependent  repression  domain  to  overall  ZBRK1  repres¬ 
sion  may  vary  among  different  ZBRK1  target  promoters,  effec¬ 
tively  expanding  the  regulatory  potential  available  at  ZBRK1 
target  genes.  It  will  be  of  interest  in  future  studies  to  determine 
whether  and  how  these  discrete  repression  domains  function 
synergistically  to  confer  ZBRK1  repression. 

Finally,  although  our  work  suggests  that  BRCA1  mediates 
repression  by  DNA-bound  ZBRK1,  we  cannot  exclude  the  ad¬ 
ditional  possibility  that  BRCA1  also  mediates  ZBRK1  repres¬ 
sion,  at  least  in  part,  by  modulating  it  sequence-specific  DNA 
binding  activity.  Our  observation  that  the  BRCAl-binding  sur¬ 
face  on  ZBRK1  includes  zinc  fingers  that  modulate  its  DNA 
binding  activity  in  both  a  positive  (zinc  finger  7)  and  negative 
(zinc  finger  8)  manner  is  consistent  with  this  possibility,  and 
studies  are  currently  underway  to  address  this  important  is¬ 
sue.  Nonetheless  the  studies  presented  here  shed  new  light  on 
the  functional  organization  of  ZBRK1  as  a  model  KRAB-ZFP 
and  further  define  the  role  of  BRCA1  in  sequence-specific  tran¬ 
scription  control. 
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The  Kruppel-associated  box  (KRAB)-zinc  finger  pro¬ 
tein  ZBRK1  has  been  implicated  in  the  transcriptional 
regulation  of  DNA  damage-response  genes  that  func¬ 
tion  in  cell  growth  control  and  survival.  Recently,  we 
described  a  novel  BRCAl-dependent  C-terminal  tran¬ 
scriptional  repression  domain  (CTRD)  within  ZBRK1, 
the  mode  of  repression  of  which  is  functionally  distin¬ 
guishable  from  that  of  the  N-terminal  KRAB  repres¬ 
sion  domain  within  ZBRK1.  The  identification  of 
BRCA1  binding-competent  but  repression-defective 
CTRD  mutants  further  revealed  that  BRCA1  binding  is 
necessary,  but  not  sufficient,  for  ZBRK1  CTRD  func¬ 
tion.  During  an  unbiased  search  for  possible  co-regu¬ 
lators  of  the  CTRD,  we  identified  ZBRK1  itself,  sug¬ 
gesting  that  ZBRK1  can  oligomerize  through  its  CTRD. 
Herein  we  explore  the  physical  and  functional  require¬ 
ments  for  ZBRK1  oligomerization  in  ZBRKl-directed 
transcriptional  repression.  Protein  interaction  analy¬ 
ses  confirmed  that  ZBRK1  can  homo-oligomerize  both 
in  vitro  and  in  vivo  and  further  mapped  the  ZBRK1 
oligomerization  domain  to  the  CTRD  C  terminus.  Bio¬ 
chemical  analyses,  including  protein  cross-linking  and 
gel  filtration  chromatography,  revealed  that  ZBRK1 
homo-oligomers  exist  as  tetramers  in  solution.  Func¬ 
tionally,  ZBRK1  oligomerization  facilitates  ZBRKl-di¬ 
rected  transcriptional  repression  through  ZBRK1  re¬ 
sponse  elements;  requirements  for  oligomerization- 
dependent  repression  include  the  ZBRK1  CTRD  and 
KRAB  repression  domains  but  not  the  DNA  binding 
activity  of  ZBRK1.  These  observations  suggest  that 
higher  order  oligomers  of  ZBRK1  may  assemble  on 
target  ZBRK1  response  elements  through  both  protein- 
DNA  and  CTRD-dependent  protein-protein  interac¬ 
tions.  These  findings  thus  reveal  an  unanticipated 
dual  function  for  ZBRK1  in  both  DNA  binding-depend¬ 
ent  and  -independent  modes  of  transcriptional  repres¬ 
sion  and  further  establish  the  CTRD  as  a  novel  protein 
interaction  surface  responsible  for  directing  homo- 
typic  and  heterotypic  interactions  necessary  for 
ZBRKl-directed  transcriptional  repression. 
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ZBRK1 1  (zinc  finger  and  BRCAl-interacting  protein  with  a 
KRAB  domain-1)  is  a  member  of  the  Kruppel-associated  box- 
zinc  finger  protein  (KRAB-ZFP)  family  of  transcriptional  re¬ 
pressors  (1,  2).  The  —300  members  of  this  family  comprise  a 
significant  proportion  of  the  transcription  factor  complement  of 
the  human  proteome  and  are  believed  to  occupy  important 
regulatory  roles  in  development,  differentiation,  and  transfor¬ 
mation  (3-9).  In  addition  to  its  identification  as  the  product  of 
a  gene  up-regulated  in  senescent  fibroblasts,  ZBRK1  was  inde¬ 
pendently  identified  as  a  BRCAl-dependent  transcriptional 
repressor  of  the  gene  encoding  GADD45a,  a  functionally  im¬ 
portant  DNA  damage-response  effector  that  functions  in  G2/M 
cell  cycle  checkpoint  control  and  the  maintenance  of  genomic 
stability  (2,  10,  11).  Previous  functional  analyses  revealed  that 
ZBRK1  represses  GADD45a  gene  transcription  through  an  in- 
tron  3  DNA-binding  site  in  a  manner  dependent  upon  direct 
interaction  with  BRCA1  and  further  suggested  a  model  in 
which  ZBRK1  and  BRCA1  function  coordinately  to  repress 
GADD45a  gene  transcription  in  the  absence  of  genotoxic  stress 
(2).  Evidence  to  support  this  model  derives  from  the  recent 
observation  that  DNA  damage-induced  ubiquitin-mediated 
proteolysis  of  ZBRK1  leads  to  de-repression  of  GADD45a  (12). 
Although  the  DNA  damage-induced  degradation  of  ZBRK1  is  a 
BRCAl-independent  phenomenon,  familial  breast  cancer-de¬ 
rived  mutants  of  BRCA1  that  disrupt  its  interaction  with 
ZBRK1  nonetheless  abrogate  its  co-repressor  activity,  suggest¬ 
ing  that  its  ZBRK1  co-repressor  function  may  be  important  for 
the  tumor  suppressor  properties  of  BRCA1  (2,  12). 

In  addition  to  GADD45a,  potential  ZBRK1  binding  sites 
have  been  identified  in  other  DNA  damage-response  genes  that 
are  also  regulated  by  BRCA1,  including  p21,  Bax ,  and 
GADD153  (2).  This  observation  suggests  a  potentially  broader 
role  for  BRCA1  and  ZBRK1  in  the  coordinate  transcriptional 
control  of  functionally  diverse  DNA  damage  response  genes.  As 
part  of  our  initial  effort  to  explore  the  mechanism  by  which 
BRCA1  mediates  sequence-specific  transcriptional  repression 
through  ZBRK1,  we  recently  identified  and  functionally  char¬ 
acterized  a  novel  C-terminal  transcriptional  repression  domain 
(CTRD)  within  ZBRK1  (13).  Structurally,  the  CTRD  comprises 
the  last  four  zinc  fingers  and  an  atypical  C-terminal  extension 
within  the  eight-fingered  ZBRK1  protein  (13).  Functionally, 
the  CTRD  represses  transcription  in  a  BRCAl-dependent,  hi¬ 
stone  deacetylase-dependent,  and  promoter-specific  manner 
and  is  thus  distinguishable  from  the  N-terminal  KRAB  repres- 


1  The  abbreviations  used  are:  ZBRK1,  zinc  finger  and  BRCAl- 
interacting  protein  with  a  KRAB  domain-1;  BF,  broken  finger;  CTRD, 
C-terminal  transcription  repression  domain;  DSS,  disuccinimidyl  su- 
berate;  KRAB,  Kruppel-associated  box;  MBP,  maltose-binding  pro¬ 
tein;  TK,  thymidine  kinase;  ZFP,  zinc  finger  protein;  ZRE,  ZBRK 
response  element. 
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sion  domain  in  ZBRK1,  which  exhibits  no  BRCA1  dependence 
and  broad  promoter  specificity  (13). 

During  the  course  of  our  functional  dissection  of  ZBRK1,  we 
identified  CTRD  mutants  that  are  competent  for  BRCA1  bind¬ 
ing  but  nonetheless  defective  for  transcriptional  repression 
(13).  This  observation  suggests  that  BRCA1  binding  is  neces¬ 
sary  but  not  sufficient  for  the  ZBRK1  CTRD  repression  func¬ 
tion  and  implies  a  role  for  additional  co-regulators  of  the 
CTRD.  During  an  unbiased  search  for  CTRD-interacting  pro¬ 
teins  and,  therefore,  potential  CTRD  co-regulators,  we  unex¬ 
pectedly  identified  ZBRK1  itself,  suggesting  that  ZBRK1  can 
homo-oligomerize  through  its  CTRD.  Herein,  we  explore  the 
physical  and  functional  requirements  for  ZBRK1  oligomeriza¬ 
tion  in  ZBRKl-directed  repression.  Our  results  reveal  the 
ZBRK1  CTRD  to  be  a  novel  interaction  surface  responsible  for 
directing  both  homotypic  and  the  heterotypic  interactions  es¬ 
sential  for  ZBRK1  repression  and  further  suggest  an  unantic¬ 
ipated  dual  role  for  ZBRK1  in  both  DNA  binding-dependent 
and  -independent  modes  of  transcriptional  repression.  We  dis¬ 
cuss  the  implications  of  these  findings  for  BRCAl-dependent 
ZBRK1  repression. 

EXPERIMENTAL  PROCEDURES 

Plasmid  Construction  and  Mutagenesis — Plasmid  pMAL-C2-TEV 
ZBRK1  AK  for  expressing  maltose-binding  protein  (MBP)-ZBRKl  AK  in 
Escherichia  coli  has  been  described  previously  (13).  pCS2+-FLAG- 
ZBRK1  for  in  vitro  transcription/translation  and  mammalian  expres¬ 
sion  of  FLAG  epitope-tagged  ZBRK1  was  constructed  by  subcloning  a 
BamHI-Hindlll  fragment  carrying  sequences  encoding  an  amino-ter- 
minally  FLAG-tagged  ZBRK1  from  pFastbac-FLAG-ZBRKl  into 
pCS2+  (14).  pCS2+-FLAG-ZBRKl  broken  finger  (BF)  and  KRAB  do¬ 
main  (D12A.V13A)  mutants  were  generated  by  site-directed  mutagen¬ 
esis  using  the  QuikChange  II  site-directed  mutagenesis  kit  following 
the  manufacturer’s  recommendations  (Stratagene,  La  Jolla,  CA).  Each 
broken  finger  mutant  bears  a  histidine  (CAT  codon)  to  asparagine  (AAT 
codon)  substitution  mutation  at  the  first  of  the  two  conserved  histidine 
residues  within  the  targeted  C2H2  zinc  finger.  The  D12A.V13A  KRAB 
domain  double  mutation  bears  an  aspartic  acid  (GAT  codon)  to  alanine 
(GGT)  substitution  and  a  valine  (GTG  codon)  to  alanine  (GGG  codon) 
substitution  at  amino  acid  position  numbers  12  and  13,  respectively,  of 
the  532-amino  acid  ZBRK1  protein.  pCS2+-FLAG-ZBRKl  carboxyl- 
terminal  truncation  mutants  (AC1,  AC2,  AC3)  were  generated  by  PCR- 
based  subcloning.  In  brief,  a  Pstl-Xbal  fragment  encompassing  the 
carboxyl  terminus  of  ZBRK1  in  pCS2+-FLAG-ZBRKl  was  replaced 
with  PCR-amplified  fragments  carrying  corresponding  carboxyl-termi¬ 
nal  truncations.  Individual  pCS2+- FLAG-ZBRK1  carboxyl-terminal 
deletion  derivatives  encode  the  following  ZBRK1  amino  acids:  AC1, 
amino  acids  1-523;  AC2,  amino  acidsl-503;  and  AC3,  amino  acids 
1-483.  Plasmid  pCS2+-T7-ZBRKl  for  in  vitro  transcription/translation 
and  mammalian  expression  of  T7  epitope-tagged  ZBRK1  was  generated 
by  replacing  a  BamHI-Eco47-III  fragment  from  pCS2+-FLAG-ZBRKl 
with  a  PCR-amplified  BamHI-Eco47-III  fragment  carrying  sequences 
encoding  a  T7  epitope  tag  in-frame  with  the  ZBRK1  amino  terminus. 

Reporter  plasmid  pZRE4-TK-Luc  was  constructed  by  replacing  a 
Hindlll-Bglll  fragment  including  5XGAL4  DNA-binding  sites  and  the 
thymidine  kinase  (TK)  promoter  from  pG5TK-Luc  (13)  with  a  Hindlll- 
Bglll  fragment  from  pBL-CAT  E  (2),  encompassing  4X  ZBRK1  consen¬ 
sus  DNA-binding  sites  and  the  TK  promoter.  Plasmid  pM-ZBRKl  CTRD 
(previously  named  pM-ZBRKl  5ZFC)  for  mammalian  expression  of 
GAL4-CTRD  and  reporter  plasmid  pG5TK-Luc  have  both  been  de¬ 
scribed  previously  (13). 

Cell  Culture,  Transfections,  and  Reporter  Assays — U20S  human  os¬ 
teosarcoma  cells  were  cultured  as  described  (13).  For  transient  reporter 
assays,  2  x  105  cells  were  seeded  per  well  of  a  6-well  plate  24  h  before 
transfection.  When  70%  confluent,  the  cells  were  transfected  with  Fu- 
GENE  6  (Roche  Diagnostics)  following  the  manufacturer’s  instructions. 
The  amounts  of  expression  and  reporter  plasmids  utilized  in  each 
experiment  are  indicated  in  the  legends  to  Figs.  4-6.  A  total  of  lor  2  pg, 
respectively,  of  DNA  per  well  was  transfected  when  pG5TK-Luc  or 
pZRE.,-Luc  were  used  as  reporter  templates.  Each  transfection  also 
included  an  internal  control  plasmid,  pCHllO  (15),  expressing  0-galac- 
tosidase  under  control  of  the  SV40  promoter.  Forty-eight  hours  post¬ 
transfection,  cells  were  harvested  and  lysed  in  250  pl/well  reporter  lysis 
buffer  (Promega,  Madison,  WI).  Transfected  cell  lysates  (20  pi)  were 


analyzed  for  luciferase  activity  using  the  luciferase  assay  system  (Pro¬ 
mega)  and  for  /3-galactosidase  activity  using  the  Galacto-Light  Plus 
chemiluminescent  reporter  assay  (BD  Biosciences).  Each  transfection 
was  performed  a  minimum  of  three  times  in  duplicate. 

Protein  Expression  and  Purification — MBP-ZBRK1  AK,  MBP- 
ZBRK1  CTRD,  and  MBP  proteins  were  each  expressed  in  and  purified 
from  E.  coli  strain  BL21  Star  (DE3)  pLysS  (Invitrogen).  The  procedures 
for  protein  induction,  extraction,  and  purification  of  MBP-ZBRK1  AK 
have  been  described  previously  (13).  For  MBP-ZBRK1  CTRD  and  MBP, 
cells  were  grown  at  37  °C  to  an  A600  of  0.6.  Isopropyl-l-thio-0-D-galac- 
topyranoside  was  added  to  a  final  concentration  0.3  mM,  and  the  cells 
were  transferred  to  25  °C  for  another  3.5  h.  Cells  were  pelleted,  washed 
once  with  phosphate-buffered  saline,  and  then  resuspended  in  MBP 
binding  buffer  (20  mM  HEPES,  pH  7.5,  1  mM  EDTA,  500  mM  NaCl,  and 
10  mM  p-mercaptoethanol)  supplemented  with  protease  inhibitors  (0.4 
pg/ml  aprotinin,  0.5  pg/ml  chymostatin,  0.5  pg/ml  leupeptin,  0.5  pg/ml 
pepstatin,  0.5  mM  phenylmethylsulfonyl  fluoride,  and  0.5  mM  benzami- 
dine-HCl).  Resuspended  cells  were  frozen  and  thawed  once  followed  by 
sonication  (three  times  for  1  min  each  on  ice)  and  clarification  by 
centrifugation  at  30,000  X  g  for  30  min.  MBP-ZBRK1  CTRD  and  MBP 
proteins  were  purified  from  clarified  lysates  by  affinity  chromatography 
on  amylose  resin  (New  England  Biolabs,  Beverly,  MA).  Briefly,  clarified 
lysates  were  incubated  with  amylose  resin  in  batch  at  for  1  h  at  4  °C, 
washed  with  MBP  binding  buffer,  and  eluted  with  MBP  binding  buffer 
containing  0.5%  maltose  in  column  format. 

MBP  Binding  Assays — MBP-ZBRK1  AK  was  purified  from  clarified 
bacterial  cell  extract  (150  /J)  by  incubation  with  amylose  resin  (15  pi)  in 
batch  for  30  min  at  25  °C,  followed  by  washing  two  times  for  5  min  each 
at  25  °C  in  MBP  binding  buffer  supplemented  with  protease  inhibitors 
and  three  times  for  5  min  each  at  25  °C  in  lysis  300  buffer  (50  mM 
Tris-HCl,  300  mM  NaCl,  5  mM  EDTA  0.1%  Nonidet  P-40,  and  10  mM 
0-mereaptoethanol)  supplemented  with  protease  inhibitors.  FLAG- 
ZBRK1  or  its  mutant  derivatives  were  labeled  with  [35S] methionine  (TnT 
SP6  quick  coupled  transcription/translation  system;  Promega)  and  incu¬ 
bated  with  amylose-immobilized  MBP-ZBRK1  AK  in  lysis  300  buffer  for 
1  h  at  4  °C.  Binding  reactions  were  washed  with  Lysis  300  buffer  four 
times  for  10  min  each  at  4  °C  and  subsequently  boiled  in  30  /il  of  1.5  X 
Laemmli  sample  buffer.  Eluates  were  resolved  by  SDS-PAGE  (10%  gel) 
and  visualized  by  Phosphorlmager  analysis  (Amersham  Biosciences). 

Co-immunoprecipitation  Analyses — U20S  cells  at  70%  confluency  in 
10-cm  dishes  were  transfected  with  12  pg  of  DNA  using  the  following 
expression  plasmids  (with  amounts  in  parentheses):  pCS2+-T7-ZBRKl 
(6  pg)  and  pCS2+FLAG-ZBRKl  (6  pg);  pCS2+-T7-ZBRKl  (6  pg)  and 
pCS2 + FLAG-ZBRK1  BF  mutants  (6  pg);  pCS2+-T7-ZBRKl  (6  pg)  and 
pCS2 + -FLAG-ZBRK1  AC1  (3  pg),  pCS2+-FLAG-ZBRKl  AC2  (4.5  pg), 
or  pCS2+-FLAG-ZBRKl  AC3  (2.25  pg)  (the  total  amount  of  DNA  was 
fixed  by  supplementing  these  transfections  with  pCS2+).  Thirty-six 
hours  post-transfection,  2.5  X  106  transfected  U20S  cells  were  har¬ 
vested,  washed  in  phosphate-buffered  saline,  and  lysed  in  300  pi  of  lysis 
150T  buffer  (50  mM  Tris-HCl,  pH  7.5,  150  mM  NaCl,  5  mM  EDTA,  and 
0.1%  Nonidet  P-40)  by  sonication  at  four  intervals  of  7  s  each  using  a 
Branson  450  sonifier  (Branson  Ultrasonics)  at  the  lowest  setting.  The 
lysate  was  clarified  by  centrifugation  at  20,000  X  g  for  20  min  at  4  °C. 
Clarified  lysates  were  subjected  to  co-immunoprecipitation  with  either 
1  pg  of  anti-T7  antibody  (Novagen,  Madison,  WI)  or  5  pg  of  anti-FLAG 
M2  monoclonal  antibody  (Sigma-Aldrich)  for  4  h  at  4  °C.  Immunocom- 
plexes  were  precipitated  with  20  pi  of  protein  A-Sepharose  (Amersham 
Biosciences)  (for  anti-T7  antibody  immunoprecipitation)  or  protein  G- 
Sepharose  (Roche  Diagnostics)  (for  anti-FLAG  antibody  immunopre¬ 
cipitation)  for  2  h  at  4  °C.  Immunoprecipitates  were  pelleted  and 
washed  with  lysis  150T  buffer  at  least  four  times  for  10  min  each  at 
4  °C.  Immunoprecipitated  proteins  were  eluted  by  boiling  in  2X  Lae¬ 
mmli  sample  buffer  for  3  min,  and  eluates  were  subsequently  resolved 
by  SDS-PAGE  (10%  gel)  and  processed  for  immunoblot  analysis. 

Chemical  Cross-linking  Assays — U20S  cells  at  70%  confluency  on 
10-cm  plates  were  transfected  with  either  12  pg  of  pCS2+-FLAG- 
ZBRK1  or  6  pg  of  pCS2+-FLAG-ZBRKl  AC1  in  combination  with  6  pg 
of  pCS2+.  Thirty-six  hours  post-transfection,  cells  were  harvested  and 
lysed  in  300  pi  of  lysis  150H  buffer  (20  mM  HEPES,  pH  7.5,  150  mM 
NaCl,  5  mM  EDTA,  and  0.1%  Nonidet  P-40)  by  sonication  at  four 
intervals  of  7  s  each  using  a  Branson  450  sonifier  (Branson  Ultrasonics) 
at  the  lowest  setting.  The  lysate  was  clarified  by  centrifugation  at 
20,000  x  g  for  20  min  at  4  “C.  Clarified  lysates  (36  pi)  were  subjected  to 
chemical  cross-linking  by  the  addition  of  disuccinimidyl  suberate  (DSS) 
(25  mM)  to  a  final  concentration  of  2.25  mM.  Cross-linking  reactions 
were  performed  at  25  °C  and  terminated  by  the  addition  of  2  x  Laemmli 
sample  buffer  followed  by  boiling  for  3  min  (16).  Cross-linked  products 
were  resolved  by  SDS-PAGE  (10%  gel)  and  processed  for  immunoblot 
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Fig.  1.  ZBRK1  homo-oligomerizes  in  vitro  through  its  CTRD  C  terminus.  A  and  B,  top,  schematic  representation  of  FLAG-tagged 
wild-type  ( WT)  ZBRK1,  ZBRK1  carboxyl-terminal  deletion  (AC)  and  broken  finger  ( BF)  derivatives,  and  MBP-ZBRKI  AK  (the  KRAB  and  CTRD 
repression  domains  as  well  as  numbered  zinc  fingers  are  indicated).  Bottom,  purified  recombinant  MBP-ZBRKI  AK  was  immobilized  on  amylose 
resin  and  incubated  with  in  vitro  translated  35S-labeled  wild-type  (WT)  ZBRK1  (A  and  B)  or  its  indicated  AC  (A)  or  BF  ( B )  derivatives.  Following 
extensive  washing,  bound  proteins  were  eluted  in  Laemmli  sample  buffer,  resolved  by  SDS-PAGE  (10%  gel),  and  visualized  by  Phosphorlmager 
analysis.  Input  represents  5%  of  the  total  in  vitro  translated  protein  used  in  binding  reactions. 


analysis  using  anti-FLAG  M2  monoclonal  antibody  (Sigma-Aldrich). 

Purified  MBP-ZBRKI  CTRD  and  MBP  proteins  were  each  subjected 
to  cross-linking  by  the  addition  of  DSS  (25  mu)  to  a  final  concentration 
of  0.75  mM.  Cross-linking  reactions  were  performed  at  25  °C  and  ter¬ 
minated  by  the  addition  of  2X  Laemmli  sample  buffer  followed  by 
boiling  for  3  min.  Cross-linked  products  were  resolved  by  SDS-PAGE 
(10%  gel)  followed  by  silver  staining. 

Gel  Filtration  Chromatography — U20S  cells  at  70%  confluency  on 
10-cm  plates  were  transfected  with  either  12  pg  of  pCS2+-FLAG- 
ZBRK1  or  6  pg  of  pCS2+-FLAG-ZBRKl  AC1  in  combination  with  6  pg 
of  pCS2+.  Thirty-six  hours  post-transfection,  cells  were  harvested  and 
lysed  in  150  pi  of  lysis  150T  buffer  (50  mM  Tris-HCl,  pH  7.5,  150  mM 
NaCl,  5  mM  EDTA,  0.5%  Nonidet  P-40,  and  25  mM  pentaethylene  glycol 
monooctyl  ether  (Sigma-Aldrich))  by  sonication  at  four  intervals  of  7  s 
each  using  a  Branson  450  sonifier  (Branson  Ultrasonics)  at  the  lowest 
setting.  The  lysate  was  clarified  by  centrifugation  at  20,000  x  g  for  20 
min  at  4  °C.  Clarified  lysates  were  concentrated  5-fold  by  centrifugation 
at  10,000  rpm  using  a  Nanosep  30K  omega  filtration  unit  (Pall  Corpo¬ 
ration,  East  Hills,  NY).  Gel  filtration  chromatography  was  performed 
on  an  Amersham  Biosciences  SMART  System  using  a  Superdex  200  PC 
3.2/30  column  (Amersham  Biosciences)  and  a  flow  rate  of  40  pl/min. 
Column  fractions  (45  pi)  were  resolved  by  SDS-PAGE  (10%  gel)  and 
visualized  by  immunoblot  analysis  using  an  anti-FLAG  M2  monoclonal 
antibody  (Sigma-Aldrich). 

RESULTS 

ZBRK1  Homo-oligomerizes  in  Vitro — To  identify  novel  inter¬ 
action  partners  and  potential  co-regulators  of  the  ZBRK1 
CTRD,  we  employed  two  independent  experimental  ap¬ 
proaches.  First,  we  used  the  CTRD  (amino  acids  319-532  of 
ZBRK1)  as  a  bait  protein  to  screen  a  human  fetal  brain  cDNA 
library  by  a  yeast-two  hybrid  assay.  From  among  —lx  106 
independent  clones  screened,  we  identified  ZBRK1  itself  as  a 
CTRD  interaction  partner  (data  not  shown).  Second,  we  ex¬ 
pressed  a  ZBRK1  KRAB  domain  deletion  derivative  (ZBRK1 
AK;  amino  acids  144-532  of  ZBRK1)  as  an  MBP  chimera  in 
E.  coli,  immobilized  the  fusion  protein  on  amylose  resin,  and 
probed  HeLa  cell  nuclear  extract  for  interacting  proteins  using 
an  MBP  pull-down  assay.  Identification  of  ZBRK1  AK-interact- 
ing  proteins  by  matrix-assisted  laser  desorption  ionization 
time-of-flight-based  peptide  mass  fingerprinting  revealed 
ZBRK1  itself  to  be  among  the  interaction  partners  thus  cap¬ 
tured  (data  not  shown).  Coupled  with  the  identification  of 
ZBRK1  as  a  CTRD-interacting  protein  by  a  yeast  two-hybrid 


assay,  this  observation  suggested  the  possibility  that  ZBRK1 
might  homo-oligomerize  through  a  direct  interaction  involving 
its  CTRD. 

To  confirm  that  ZBRK1  can  bind  directly  to  itself  and  to  map 
the  relevant  interaction  surface  required  for  this  interaction, 
we  tested  the  ability  of  in  vitro  translated  wild-type  ZBRK1  and 
ZBRK1  CTRD  mutant  derivatives  for  their  respective  abilities 
to  bind  to  MBP-ZBRKI  AK  in  an  MBP  pull-down  assay  (Fig.  1). 
As  reported  previously,  deletion  of  the  KRAB  domain  permits 
the  expression  and  purification  of  an  otherwise  insoluble  full- 
length  recombinant  ZBRK1  protein  (13).  MBP-ZBRKI  AK 
bound  full-length  ZBRK1  efficiently,  thus  confirming  that 
ZBRK1  can  directly  self-associate  in  vitro  (Fig.  1,  A  and  B ). 
Next,  we  examined  the  structural  determinants  within  the 
CTRD  required  for  ZBRK1  self-association.  Analysis  of  C-ter- 
minal  ZBRK1  truncation  derivatives  revealed  that  the  deletion 
of  only  nine  amino  acids  from  the  CTRD  C  terminus  was 
sufficient  to  eliminate  ZBRK1  oligomerization  (Fig.  1A).  By 
contrast,  individual  disruption  of  CTRD  zinc  fingers  5-8  by 
substitution  mutagenesis  revealed  that  each  “broken  finger” 
mutant  (13)  bound  MBP-ZBRKI  AK  comparably  to  wild-type 
ZBRK1,  thus  revealing  that  the  CTRD  zinc  fingers  are  individ¬ 
ually  dispensable  for  ZBRK1  oligomerization  (Fig.  IB).  Taken 
together,  these  results  demonstrate  that  ZBRK1  can  homo- 
oligomerize  in  vitro  through  a  direct  interaction  involving  its 
CTRD  C  terminus. 

ZBRK1  Homo-oligomerizes  in  Vivo — To  determine  whether 
ZBRK1  can  homo-oligomerize  in  vivo,  we  first  examined  the 
ability  of  ZBRK1  derivatives  independently  tagged  with  either 
T7  or  FLAG  epitopes  to  reciprocally  co-immunoprecipitate  one 
another  following  their  transient  over-expression  in  U20S  hu¬ 
man  osteosarcoma  cells.  T7-tagged  ZBRK1  could  be  efficiently 
precipitated  by  FLAG-specific  antibodies  only  in  the  presence 
of  FLAG-tagged  ZBRK1  (Fig.  2A).  Reciprocally,  FLAG-tagged 
ZBRK1  could  be  efficiently  precipitated  by  T7-specific  antibod¬ 
ies  only  when  T7-tagged  ZBRK1  was  co-expressed  (Fig.  2 B). 
These  results  confirm  that  ZBRK1  can  homo-oligomerize  in 
vivo.  Next,  to  map  the  relevant  interaction  surface(s)  required 
for  ZBRK1  oligomerization  in  vivo,  we  examined  a  set  of  FLAG- 
tagged  ZBRK1  CTRD  mutant  derivatives  for  their  respective 
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Fig.  2.  ZBRK1  homo-oligomerizes  in  vivo  through  its  CTRD  C  terminus.  A  and  B,  T7  and  FLAG-tagged  wild-type  ZBRK1  proteins  were 
ectopieally  expressed  either  alone  or  together  in  U20S  cells,  and  whole  cell  extracts  from  transfected  cells  were  subjected  to  immunoprecipitation 
(IP)  using  antibodies  specific  for  either  the  FLAG  (A)  or  T7  (B)  epitopes.  Immunoprecipitates  were  resolved  by  SDS-PAGE  (10%  gel)  and  processed 
by  immunoblot  analysis  using  both  T7  and  FLAG  epitope-specific  antibodies  as  indicated.  Input  represents  10%  of  the  total  whole  cell  extract 
subjected  to  immunoprecipitation.  C  and  D,  T7-tagged  wild-type  ( WT)  ZBRK1  was  ectopieally  expressed  in  U20S  cells  along  with  FLAG-tagged  WT 
ZBRK1  or  its  indicated  AC  (C)  or  BF  ( D )  derivatives.  Whole  cell  extracts  from  transfected  cells  were  subjected  to  immunoprecipitation  (IP)  using 
antibodies  specific  for  the  T7  epitope.  Immunoprecipitates  were  resolved  by  SDS-PAGE  (10%  gel)  and  processed  by  immunoblot  analysis  using  both 
T7-  and  FLAG  epitope-specific  antibodies  as  indicated.  Input  represents  10%  of  the  total  whole  cell  extract  subjected  to  immunoprecipitation. 


abilities  to  be  co-immunoprecipitated  along  with  T7-tagged 
wild-type  ZBRK1  following  their  transient  co-expression  in 
U20S  cells.  Consistent  with  the  results  of  in  vitro  binding 
analyses,  these  in  vivo  binding  studies  revealed  the  CTRD  C 
terminus  to  be  critical  and  the  CTRD  zinc  fingers  to  be  dispen¬ 
sable  for  ZBRK1  self-association.  Thus,  deletion  of  only  nine 
amino  acids  from  the  ZBRK1  C  terminus  largely  abolished 
ZBRK1  self-association  (Fig.  2C),  whereas  individual  ZBRK1 
derivatives  bearing  targeted  disruptions  of  CTRD  zinc  fingers 
5-8  bound  to  T7-tagged  ZBRK1  as  efficiently  as  wild- type 
ZBRK1  (Fig.  2D).  Taken  together,  these  results  demonstrate 
that  ZBRK1  can  homo-oligomerize  both  in  vitro  and  in  vivo  and 
furthermore  delimit  the  oligomerization  interface  to  the  CTRD 
C  terminus. 

The  ZBRK1  CTRD  Mediates  Tetrameric  Oligomeriza¬ 
tion — To  characterize  the  oligomeric  state  of  ZBRK1  in  vivo,  we 
first  employed  the  chemical  cross-linker  DSS  to  covalently  cap¬ 
ture  ZBRK1  protein  complexes  present  in  extracts  of  U20S 
cells  transfected  with  FLAG-tagged  ZBRK1  (16).  Cross-linked 
samples  were  analyzed  by  SDS-PAGE  and  immunoblot  analy¬ 
sis  using  FLAG  epitope  tag-specific  antibodies.  In  the  presence 
of  DSS,  a  significant  proportion  of  FLAG-tagged  ZBRK1  mi¬ 
grated  with  an  apparent  molecular  mass  of  —240  kDa,  consist¬ 
ent  with  the  size  of  a  ZBRK1  tetramer  (Fig.  3A).  Importantly, 
no  cross-linked  products  were  observed  when  an  oligomeriza¬ 
tion-defective  ZBRK1  mutant  (AC1)  was  over-expressed  in 
U20S  cells,  demonstrating  that  DSS-induced  formation  of  high 
molecular  mass  ZBRK1  complexes  is  strictly  dependent  upon 
the  intact  CTRD  C  terminus  (Fig.  3A). 

Although  the  electrophoretic  properties  of  FLAG-tagged 
ZBRK1  in  DSS-cross-linked  U20S  cell  extracts  suggests  the 
formation  of  tetramers,  we  could  not  exclude  the  possibility 
that  additional  cellular  proteins  were  also  incorporated  into  the 
ZBRK1  complex,  particularly  because  we  know  that  ZBRK1 
interacts  with  other  proteins  in  the  cell,  including  BRCA1  (2, 
13).  The  concentration  of  ectopieally  expressed  ZBRK1  in  these 
transfection  experiments  considerably  exceeds  that  of  its  en¬ 
dogenous  counterpart,  and  these  conditions  are  likely  to  drive 
ZBRK1  self-association  and  mask  the  influence  of  endogenous 
interacting  proteins  on  the  size  of  a  cross-linked  ZBRK1  com¬ 
plex.  Nonetheless,  we  sought  independent  confirmation  of  the 


stoichiometry  of  ZBRK1  oligomerization  through  its  CTRD.  To 
this  end,  we  therefore  subjected  highly  purified  recombinant 
MBP-ZBRK1  CTRD  to  DSS  cross-linking.  Cross-linked  sam¬ 
ples  were  analyzed  by  SDS-PAGE  followed  by  silver  staining  to 
visualize  MBP-ZBRK1  CTRD  oligomers.  In  the  presence  of 
DSS,  a  significant  proportion  of  MBP-ZBRK1  CTRD  migrated 
with  an  apparent  molecular  mass  of  —270  kDa,  consistent  with 
the  size  of  an  MBP-ZBRK1  CTRD  tetramer  (Fig.  3 B).  Impor¬ 
tantly,  no  cross-linked  products  were  observed  when  MBP 
alone  was  treated  with  DSS,  indicating  that  DSS-induced  for¬ 
mation  of  a  high  molecular  mass  MBP-ZBRK1  CTRD  complex 
is  strictly  dependent  upon  the  ZBRK1  CTRD  (Fig.  ZB).  Fur¬ 
thermore,  immunoblot  analysis  using  ZBRKl-specific  antibod¬ 
ies  confirmed  that  the  high  molecular  mass  complex  observed 
upon  DSS  cross-linking  of  highly  purified  MBP-ZBRK1  CTRD 
is  derived  from  MBP-CTRD  oligomerization  (data  not  shown). 

As  an  independent  approach  to  determine  the  stoichiometry 
of  ZBRK1  oligomerization  through  its  CTRD,  we  examined  the 
respective  gel  filtration  profiles  of  ectopieally  expressed  wild- 
type  ZBRK1  and  its  oligomerization-defective  mutant  (A  Cl) 
present  in  extracts  of  transfected  U20S  cells.  Immunoblot 
analysis  of  column  fractions  using  a  FLAG  epitope-specific 
antibody  revealed  a  peak  of  wild-type  ZBRK1  protein  in  frac¬ 
tions  corresponding  to  an  apparent  molecular  mass  of  —240 
kDa,  most  consistent  with  the  size  of  a  ZBRK1  tetramer  (Fig. 
3C).  We  also  noted  a  minor  peak  of  wild- type  ZBRK1  protein  in 
a  fraction  corresponding  to  an  apparent  ZBRK1  monomer  of  58 
kDa.  By  contrast,  an  oligomerization-defective  ZBRK1  deriva¬ 
tive  (A  Cl)  peaked  exclusively  in  column  fractions  correspond¬ 
ing  to  an  apparent  monomer  of  —57  kDa  (Fig.  3C).  Taken 
together,  these  results  indicate  that  ZBRK1  tetramerizes  both 
in  vitro  and  in  vivo  in  a  manner  that  is  strictly  dependent  upon 
the  integrity  of  its  CTRD  C  terminus. 

ZBRK1  Homo-oligomerization  Potentiates  ZBRKl-directed 
Transcriptional  Repression — To  explore  the  functional  conse¬ 
quence  of  ZBRK1  homo-oligomerization,  we  initially  exploited 
our  previous  observation  that  the  ZBRK1  CTRD  can  function 
as  an  autonomous  transcriptional  repression  domain  when 
tethered  to  a  heterologous  DNA-binding  domain  from  the  yeast 
transcription  factor  GAL4  (13).  First,  we  examined  the  ability 
of  full-length  ZBRK1  to  potentiate  transcriptional  repression 
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Fig.  3.  ZBRK1  tetramerization  requires  its  CTRD  C  terminus.  A,  schematic  representation  of  FLAG-tagged  wild-type  ZBRK1  and  its 
oligomerization-defective  AC1  deletion  derivative.  U20S  cells  were  transfected  with  expression  vectors  for  either  FLAG-tagged  WT  ZBRK1  or  its 
AC1  deletion  derivative  as  indicated.  Whole  cell  extracts  from  transfected  cells  were  subjected  to  cross-linking  with  2.25  mM  DSS  for  0,  1.5,  or  3 
min  as  indicated,  and  cross-linking  reactions  were  terminated  with  Laemmli  sample  buffer.  Cross-linked  proteins  were  resolved  by  SDS-PAGE 
(10%  gel)  and  visualized  by  immunoblot  analysis  using  FLAG  epitope-specific  antibodies.  Arrowheads  indicate  un-cross-linked  monomers  of 
FLAG-tagged  ZBRK1  and  its  AC1  deletion  derivative  as  well  as  cross-linked  ZBRK1  complexes.  Molecular  weight  markers  (Mr)  are  indicated. 
Asterisk  denotes  a  cross-reacting  cellular  protein  recognized  by  the  FLAG  antibody.  B,  schematic  representation  of  recombinant  MBP-ZBRK1 
CTRD  and  MBP.  Purified  recombinant  MBP-ZBRK1  CTRD  and  MBP  were  subjected  to  cross-linking  with  0.75  mM  DSS  for  0,  1.5,  or  3  min  as 
indicated,  and  cross-linking  reactions  were  terminated  with  Laemmli  sample  buffer.  Cross-linked  proteins  were  resolved  by  SDS-PAGE  (10%  gel) 
and  visualized  by  silver  stain  analysis.  Arrowheads  indicate  un-cross-linked  monomers  of  MBP-ZBRK1  CTRD  and  MBP  as  well  as  cross-linked 
MBP-ZBRK1  CTRD  complexes.  Molecular  weight  markers  (MT)  are  indicated.  C,  whole  cell  extracts  from  U20S  cells  transfected  with  FLAG-tagged 
wild-type  ( WD  ZBRK1  or  an  oligomerization-defective  mutant  derivative  (AC1)  were  independently  subjected  to  Superdex  200  gel  filtration 
chromatography.  Individual  column  fractions  were  resolved  by  SDS-PAGE  (10%  gel)  and  analyzed  for  the  presence  of  FLAG-tagged  ZBRK1  by 
immunoblot  analysis  with  FLAG  epitope-specific  antibodies.  Arrowheads  indicate  the  relative  positions  of  marker  protein  peaks.  Input  represents 
5%  of  the  total  whole  cell  extract  subject  to  gel  filtration  chromatography. 


directed  by  GAL4-ZBRK1  CTRD  in  a  transient  repression  as¬ 
say  using  a  reporter  template  bearing  multimerized  GAL4 
DNA-binding  sites  located  upstream  of  the  herpes  simplex 
virus  TK  promoter  in  U20S  cells  (Fig.  4A)  (13).  Consistent  with 
our  previous  studies  (13),  we  observed  that  GAL4-ZBRK1 
CTRD  repressed  transcription  from  this  reporter  template  at 
least  10-fold  in  a  dose-dependent  manner  (data  not  shown).  To 
examine  the  influence  of  wild-type  ZBRK1  on  repression  di¬ 
rected  by  GAL4-ZBRK1  CTRD,  we  transfected  a  sub-optimal 
nanogram  quantity  of  the  GAL4-ZBRK1  CTRD  expression  vec¬ 
tor  that  supports  only  —2. 5-fold  repression  of  reporter  gene 
activity.  Under  these  conditions,  ectopic  expression  of  wild-type 
ZBRK1  enhanced  this  level  of  repression  up  to  4-fold  in  a 
dose-dependent  manner  (Fig.  4 B).  Importantly,  ZBRK1  had 
minimal  influence  on  reporter  activity  in  the  presence  of  the 
GAL4  DNA-binding  domain  alone,  confirming  that  the  repres¬ 
sive  effect  of  ZBRK1  in  this  assay  derives  from  its  direct  re¬ 
cruitment  to  the  CTRD  and  not  to  DNA  (Fig.  4B).  This  result 
demonstrates  for  the  first  time  that,  in  addition  to  its  well 


documented  role  as  a  sequence-specific  DNA-binding  transcrip¬ 
tional  repressor  (2,  13),  ZBRK1  can  also  function  as  a  co¬ 
repressor  independent  of  its  inherent  DNA  binding  activity. 

Next,  we  examined  the  structural  features  within  ZBRK1 
required  for  its  co-repressor  function.  Relative  to  wild-type 
ZBRK1,  oligomerization-defective  CTRD  C-terminal  trunca¬ 
tion  mutants  (AC1,  AC2,  and  AC3)  were  completely  defective 
for  ZBRK1  co-repressor  activity,  implying  a  strict  reliance  on 
oligomerization  for  ZBRK1  to  function  as  a  co-repressor  (Fig. 
5A).  Analysis  of  ZBRK1  derivatives  bearing  targeted  disrup¬ 
tions  of  CTRD  zinc  fingers  5-8  (BF  5-8)  revealed  these  mu¬ 
tants  to  be  partially  defective  for  the  ZBRK1  co-repressor  func¬ 
tion  (Fig.  5 B).  Because  these  CTRD  zinc  finger  mutations  do 
not  disrupt  ZBRK1  oligomerization  (see  Figs.  1  and  2)  but  do 
disrupt  CTRD  interactions  with  additional  co-repressors  in¬ 
cluding  BRCA1  (13),  this  result  suggests  that  CTRD-mediated 
recruitment  of  additional  co-repressors  also  likely  contributes 
to  the  ability  of  ZBRK1  to  function  as  a  DNA  binding-independ¬ 
ent  co-repressor.  Finally,  we  examined  the  contribution  of  the 
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Fig.  4.  ZBRK1  has  a  DNA  binding-independent  co-repressor 
activity.  A,  schematic  representation  of  FLAG-tagged  ZBRK1,  GAL4- 
ZBRK1-CTRD,  GALA  DNA-binding  domain  alone,  and  the  pG5TK-lu- 
cerferase  ( 5XGAL4  TK  Luc )  reporter  template  used  in  transfection 
assays.  B,  U20S  cells  were  transfected  with  100  ng  of  the  pG5TK- 
luciferase  reporter  template  and  600  ng  of  either  pM  (expressing  the 
GAL4  DNA-binding  domain  alone)  or  pM-ZBRKl-CTRD  (expressing 
GAL4-ZBRK1-CTRD)  without  or  with  the  indicated  nanogram  amounts 
of  pCS2+-FLAG-ZBRKl  expressing  FLAG-tagged  wild-type  ZBRK1.  In 
this  and  all  subsequent  transient  reporter  assays  involving  effector 
plasmid  titrations,  the  total  amount  of  DNA  in  each  transfection  was 
fixed  by  reciprocal  titration  of  the  corresponding  backbone  expression 
plasmid.  Also,  in  this  and  all  subsequent  transient  reporter  assays  the 
relative  luciferase  activity  represents  the  ratio  of  the  luciferase  activity 
obtained  in  a  particular  transfection  to  that  obtained  in  cells  trans¬ 
fected  with  only  the  reporter  and  pM  expression  vectors  alone.  Lucif¬ 
erase  activities  were  first  normalized  to  (3-galactosidase  activity  ob¬ 
tained  by  co-transfection  of  the  SV40-/3-galactosidase  vector  (25  ng)  as 
described  previously  (13).  Error  bars  represent  the  S.D.  from  the  aver¬ 
age  of  at  least  three  independent  transfections  performed  in  duplicate. 


N-terminal  KRAB  repression  domain  within  ZBRK1  to  its  co¬ 
repressor  activity.  Relative  to  wild-type  ZBRK1,  a  ZBRK1  mu¬ 
tant  derivative  bearing  two  substitution  mutations  (DV  — »  AA) 
within  the  KRAB  domain  previously  shown  to  disrupt  KRAB 
repression  function  (17)  was  significantly  defective  for  co-re- 
pressor  activity  (Fig.  5 C).  As  this  mutation  does  not  affect 
ZBRK1  oligomerization,  this  result  suggests  that  KRAB  do¬ 
main-associated  co-repressors  also  contribute  to  the  ability  of 
ZBRK1  to  function  as  a  DNA  binding-independent  co-repressor 
of  the  CTRD.  Taken  together  these  results  reveal  that  ZBRK1, 
in  a  DNA-binding-independent  manner,  can  potentiate  the  re¬ 
pression  function  of  DNA-bound  CTRD  through  oligomeriza¬ 
tion  and  the  consequent  recruitment  of  co-repressors  through 
both  its  KRAB  and  CTRD  repression  domains. 

We  next  asked  whether  ZBRK1  CTRD-mediated  oligomer¬ 
ization  contributes  to  ZBRKl-directed  transcriptional  repres¬ 
sion  from  ZBRK1  response  elements  (ZREs).  To  this  end,  we 
employed  a  reciprocal  transient  repression  assay  in  which  we 
examined  the  ability  of  the  CTRD  to  potentiate  ZBRKl-di¬ 
rected  repression  from  a  reporter  template  bearing  multimer- 
ized  ZREs  (Fig.  6A).  The  fact  that  the  CTRD  by  itself  has  no 
ZRE  binding  activity  permitted  us  to  assess  the  influence  of  the 
CTRD  on  ZBRKl-directed  repression  solely  by  virtue  of  its 
ability  to  oligomerize  with  DNA-bound  ZBRK1.  Consistent 
with  our  previous  studies  (2),  we  observed  that  wild-type 
ZBRK1  repressed  transcription  from  a  reporter  template  bear¬ 
ing  multimerized  ZREs  located  upstream  of  the  HSV  TK  pro¬ 


moter  in  U20S  cells  at  least  10-fold  in  a  dose-dependent  man¬ 
ner  (data  not  shown).  To  examine  the  influence  of  the  ZBRK1 
CTRD  on  repression  directed  by  wild-type  ZBRK1,  we  trans¬ 
fected  a  sub-optimal  nanogram  quantity  of  the  ZBRK1  expres¬ 
sion  vector  that  supports  only  —2. 5-fold  repression  of  transcrip¬ 
tion  from  this  reporter  template  (Fig.  6 B).  Under  these 
conditions,  ectopic  expression  of  GAL4-CTRD  enhanced  this 
level  of  repression  up  to  4-fold  in  a  dose-dependent  manner 
(Fig.  6 B).  Importantly,  GAL4-CTRD  had  minimal  influence  on 
reporter  activity  in  the  absence  of  ZBRK1,  confirming  that  the 
CTRD  potentiates  ZBRK1  repression  in  this  assay  by  virtue  of 
its  direct  recruitment  to  ZBRK1  and  not  to  DNA  (Fig.  6 B). 
Furthermore,  an  oligomerization-defective  CTRD  mutant 
(GAL4-CTRD  AC1)  bearing  a  nine  amino  acid  deletion  from  the 
CTRD  C  terminus  was  completely  defective  in  its  ability  to 
potentiate  ZBRK1  repression  in  this  assay,  confirming  that 
CTRD-mediated  oligomerization  is  a  requirement  for  its 
ZBRK1  co-repressor  activity  (Fig.  6C).  Collectively,  these  ex¬ 
periments  reveal  an  unanticipated  dual  function  for  ZBRK1  in 
both  DNA  binding-dependent  and  -independent  modes  of  re¬ 
pression,  the  latter  of  which  derives  from  the  ability  of  ZBRK1 
to  homo-oligomerize  through  its  CTRD. 

DISCUSSION 

The  identification  of  ZBRK1  itself  during  an  unbiased  search 
for  ZBRK1  CTRD  co-regulators  prompted  us  to  characterize  the 
structural  requirements  for  and  the  functional  consequences  of 
ZBRK1  homo-oligomerization.  Herein  we  demonstrate  that 
ZBRK1  undergoes  tetrameric  oligomerization  both  in  vitro  and 
in  vivo,  and  we  further  identify  the  ZBRK1  CTRD  C  terminus 
to  be  both  necessary  and  sufficient  for  tetrameric  oligomeriza¬ 
tion.  Functionally,  we  demonstrate  that  ZBRK1  oligomeriza¬ 
tion  facilitates  ZBRKl-directed  transcriptional  repression  and 
concomitantly  identify  several  unique  and  biologically  signifi¬ 
cant  features  of  ZBRK1  relevant  to  its  role  as  a  KRAB-ZFP 
transcriptional  repressor.  First,  by  virtue  of  its  ability  to  homo- 
oligomerize,  we  identify  an  unanticipated  role  for  ZBRK1  as  a 
DNA  binding-independent  co-repressor  in  addition  to  its  well 
characterized  role  as  a  sequence-specific  DNA-binding  tran¬ 
scriptional  repressor  (2).  In  this  regard,  we  identify  both  the 
KRAB  and  CTRD  repression  domains  within  ZBRK1  to  be 
necessary  for  oligomerization-dependent  repression.  Whether 
or  not  these  domains  are  sufficient  for  oligomerization-depend¬ 
ent  repression  remains  to  be  established.  Second,  we  reveal  the 
ZBRK1  CTRD  to  be  a  novel  protein  interaction  surface  respon¬ 
sible  for  directing  both  homotypic  and  the  heterotypic  interac¬ 
tions  necessary  for  BRCAl-dependent  ZBRK1  transcriptional 
repression. 

In  general,  oligomerization  enhances  regulatoiy  diversity 
among  sequence-specific  DNA-binding  transcription  factors  by 
expanding  the  number  of  potential  response  elements  to  which 
oligomers  can  effectively  bind  and/or  by  increasing  the  number 
and  type  of  transcriptional  regulatory  domains  that  can  effec¬ 
tively  function  at  a  core  promoter.  Presently,  we  do  not  know 
whether  and  how  ZBRK1  oligomerization  might  influence  the 
choice  of  DNA  sequences  recognized  by  ZBRK1.  The  15-base  pair 
consensus  ZRE  was  originally  identified  by  sampling  a  random 
pool  of  double-stranded  oligonucleotides  with  a  recombinant 
ZBRK1  derivative  comprised  solely  of  the  eight  ZBRK1  zinc  fin¬ 
gers  but  lacking  the  C-terminal  extension  that  we  show  here  to 
be  critical  for  oligomerization  (2).  Future  studies  will  be  required 
to  determine  whether  and  how  oligomerization-competent  forms 
of  ZBRK1  preferentially  recognize  an  expanded  ZRE.  Interest¬ 
ingly,  our  most  recent  studies  revealed  that  the  inherent  DNA 
binding  activity  of  ZBRK1  zinc  fingers  1-7  on  a  consensus  ZRE  is 
constrained  by  the  ZBRK1  C  terminus,  suggesting  a  potential 
role  for  the  ZBRK1  oligomerization  domain  in  regulating  the 
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Fig.  5.  Structural  requirements  for  ZBRK1  co-repressor  activity.  A-C,  top,  schematic  representation  of  FLAG-tagged  wild-type  ZBRK1  and 
its  AC  (A),  BF  (B),  and  KRAB  domain  (C)  mutant  derivatives.  Middle,  U20S  cells  were  transfected  with  100  ng  of  the  pG5TK-luciferase  reporter 
template  without  or  with  600  ng  of  pii-ZBRKl-CTRD  expressing  GAL4-ZBRK1-CTRD  as  indicated  and  the  normalized  amounts  of  pCS2+-FLAG- 
ZBRK1  expressing  FLAG-tagged  ZBRK1  or  its  indicated  mutant  derivatives  (200  ng  each  of  wild-type  ZBRK1  ( WT),  ZBRK1  BF  derivatives,  and  ZBRK1 
D12A.V13A  (DV-AA);  100  ng  of  ZBRK1  AC1;  150  ng  of  AC2;  and  75  ng  of  AC3).  Relative  luciferase  activities  were  calculated  as  described  in  the  legend 
to  Fig.  4.  Bottom,  to  confirm  that  wild-type  FLAG-tagged  ZBRK1  and  its  mutant  derivatives  were  expressed  at  roughly  equivalent  levels  in  functional 
assays,  equivalent  proportional  aliquots  of  transfected  U20S  cell  lysates  used  in  functional  assays  ( middle )  were  also  resolved  by  SDS-10%  PAGE  and 
subjected  to  immunoblot  analysis  using  FLAG  epitope-specific  antibodies. 
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Fig.  6.  CTRD-mediated  oligomerization  is  essential  for  ZBRK1  co-repressor  activity.  A,  schematic  representation  of  GAL4-ZBRK1- 
CTRD,  GAL4-ZBRK1-CTRD  AC1,  FLAG-tagged  ZBRK1,  and  a  pZRE4TK-luciferase  reporter  ( 4XZRE  TK Luc)  template  used  in  transfection  assays. 
B,  U20S  cells  were  transfected  with  100  ng  of  the  pZRE.,TK-Luc  reporter  template  without  or  with  800  ng  of  pCS2+-FLAG-ZBRKl  expressing 
FLAG-tagged  ZBRK1  and  the  indicated  nanogram  amounts  of  pM-ZBRKl  CTRD  expressing  GAL4-ZBRK1  CTRD.  C,  U20S  cells  were  transfected 
with  100  ng  of  the  pZRE.,TK-Luc  reporter  template  without  or  with  800  ng  of  pCS2+-FLAG-ZBRKl  expressing  FLAG-tagged  ZBRK1  and 
normalized  amounts  of  pM-based  plasmids  expressing  GAL4-ZBRK1  CTRD  (1000  ng)  or  GAL4-ZBRK1-CTRD  AC1  (500  ng).  To  confirm  that 
wild-type  (WT)  GAL4-ZBRK1  CTRD  and  GAL4-ZBRK1-CTRD  AC1  were  expressed  at  equivalent  levels  in  functional  assays,  equivalent  propor¬ 
tional  aliquots  of  transfected  U20S  cell  lysates  used  in  the  functional  assays  were  also  resolved  by  SDS-PAGE  (10%  gel)  and  subjected  to 
immunoblot  analysis  using  FLAG  epitope-specific  antibodies. 

sequence-specific  association  of  ZBRK1  with  a  consensus  ZRE  modes  of  transcriptional  repression.  With  respect  to  the  latter, 
(13).  Although  our  previous  studies  clearly  revealed  that  ZBRK1  we  demonstrate  that  ZBRK1  can  function  as  a  co-repressor  in 
can  bind  to  and  repress  transcription  from  a  single  ZRE  (2, 13),  it  a  manner  dependent  upon  the  integrity  of  its  CTRD  and  KRAB 
nonetheless  remains  to  be  established  whether  and  how  ZBRK1  repression  domains  but  not  upon  its  inherent  DNA  binding 
oligomerization  might  facilitate  synergistic  binding  and/or  re-  activity.  This  observation  raises  the  possibility  that  the  regu- 
pression  from  multimerized  ZREs.  latory  potential  of  ZBRK1  on  certain  target  genes  may  derive 

Our  work  reveals  a  unique  and  unanticipated  dual  function  from  its  recruitment  via  protein-protein  rather  than  protein- 
for  ZBRK1  in  both  DNA  binding-dependent  and  -independent  DNA  interactions.  To  our  knowledge,  this  represents  the  first 
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example  of  a  KRAB-ZFP  that  can  function  dually  as  both  a 
DNA-binding  repressor  as  well  as  a  DNA  binding-independent 
co-repressor.  Thus,  we  propose  that  higher  order  oligomers  of 
ZBRK1  may  assemble  on  a  target  ZRE  through  protein-DNA 
and  protein-protein  interactions,  the  latter  involving  oligomer¬ 
ization  through  the  CTRD  C  terminus. 

Our  work  further  provides  unique  insight  into  the  structural 
and  functional  organization  of  ZBRK1  as  a  member  of  the 
KRAB-ZFP  family.  Like  other  KRAB-ZFPs,  ZBRK1  harbors  an 
N-terminal  KRAB  repression  domain  followed  by  a  C2H2  zinc 
finger  DNA-binding  domain.  However,  ZBRK1  also  harbors  an 
atypical  C-terminal  extension  that  is  generally  absent  from  the 
larger  family  of  KRAB-ZFPs.  Our  previous  work  revealed  this 
C-terminal  extension  to  comprise  part  of  a  novel  BRCAl-de- 
pendent  CTRD  that  also  includes  zinc  fingers  5-8  within 
ZBRK1  (13).  Herein,  we  describe  an  additional  and  unique  role 
for  the  CTRD  as  an  oligomerization  interface  sufficient  for 
directing  homotypic  interactions  critical  for  ZBRK1  repressor 
function.  Within  the  CTRD  we  demonstrate  that  zinc  fingers 
5-8  are  dispensable,  whereas  the  C-terminal  extension  is  es¬ 
sential  for  ZBRK1  oligomerization.  This  C-terminal  extension 
shows  no  obvious  sequence  similarity  to  the  SCAN  domain  that 
mediates  selective  oligomerization  between  certain  KRAB- 
ZFPs  (1,  18).  However,  a  BLAST  search  of  available  protein 
databases  reveals  several  additional  KRAB-ZFPs  (ZNF577, 
ZNF613,  and  FLJ12644),  each  of  which  carries  an  extended  C 
terminus  of  variable  length  with  sequence  homology  to  the 
ZBRK1  C-terminal  extension.  Interestingly,  these  proteins  ex¬ 
hibit  the  same  rank  order  with  respect  to  their  degree  of  ho¬ 
mology  and  physical  proximity  to  ZBRK1  on  chromosome  19q, 
suggesting  that  they  may  have  arisen  from  gene  duplication 
(19-21).  It  will  be  of  future  interest  to  determine  whether  and 
how  these  KRAB-ZFPs  functionally  oligomerize  with  ZBRK1 
and/or  BRCA1.  Although  zinc  fingers  5-8  within  the  CTRD  are 
dispensable  for  oligomerization,  our  previous  studies'  have 
nonetheless  shown  them  to  be  essential  for  mediating  interac¬ 
tions  with  additional  co-repressors,  including  BRCA1  (2,  13). 
Thus,  our  studies  collectively  reveal  the  CTRD  to  be  a  novel 
protein-interaction  surface  responsible  for  directing  both  homo¬ 
typic  and  heterotypic  interactions  necessary  for  BRCA1- 
dependent  ZBRK1  transcriptional  repression. 

Finally,  our  identification  of  a  novel  oligomerization  domain 
within  ZBRK1  suggests  that  the  regulatory  potential  of  ZBRK1 
could  extend  to  genes  that  do  not  contain  ZREs.  For  example, 
ZBRK1  could  repress  transcription  through  its  hetero-oli¬ 
gomerization  with  other  sequence-specific  DNA  binding  tran¬ 
scription  factors  through  direct  protein-protein  interactions  in¬ 
volving  its  C  terminus.  This,  in  turn,  could  expand  the 
repertoire  of  target  genes  subject  to  coordinate  transcriptional 
control  by  both  ZBRK1  and  BRCA1,  because  the  repressive 


potential  of  ZBRK1  is  dependent  upon  BRCA1  (2, 13).  Consist¬ 
ent  with  this  possibility,  our  yeast  two-hybrid  screen  for  CTRD- 
interacting  proteins  identified,  in  addition  to  ZBRK1  itself,  the 
oligomeric  transcription  factors  SRF  and  ATF-1  (22-26).  Inter¬ 
estingly,  these  transcription  factors  control  the  expression  of 
genes  with  diverse  functions  in  cell  growth  control  and  sur¬ 
vival,  and  future  studies  will  seek  to  establish  whether  and 
how  ZBRK1  physically  and  functionally  interacts  with  these 
transcriptional  regulators.  Nonetheless,  our  work  here  sheds 
new  light  on  the  structural  and  functional  organization  of 
ZBRK1  as  a  KRAB-ZFP  and  further  defines  the  multifunc¬ 
tional  nature  of  its  unique  CTRD. 
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BRCAl  and  BRCA2  in  breast  cancer 
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The  inheritance  of  an  autosomal  dominant  allele 
represents  an  identifiable  predisposing  factor  in 
about  10%  of  all  women  with  breast  cancer.  Most  of 
these  hereditary  cases  can  be  linked  to  germline  mutations 
in  either  of  two  breast  cancer  susceptibility  genes,  BRCAl 
or  BRCA2.  Women  who  have  a  mutation  in  either  of  these 
genes  have  a  cumulative  lifetime  risk  of  60-80%  and 
20^40%  for  the  development  of  breast  and  ovarian  cancer, 
respectively.  There  is  therefore  a  great  need  for  new  and 
effective  measures  for  their  management.  Progress  in  our 
understanding  of  the  normal  biological  function  and 
regulation  of  BRCAl  and  BRCA2  has  shed  new  light  on  the 
molecular  basis  of  hereditary  breast  cancer,  and  should 
provide  a  driving  force  for  the  development  of  diagnostic 
and  therapeutic  strategies. 

BRCAl  and  BRCA2  are  caretaker  genes  whose  products 
function  in  the  maintenance  of  global  genome  stability — ie, 
they  ensure  that  the  genetic  integrity  of  a  cell  is  not 
compromised  by  the  unscheduled  loss,  duplication,  or 
rearrangement  of  chromosomal  DNA.  A  persistent  threat  to 
genome  integrity  is  DNA  damage  arising  from  ongoing 
metabolic  processes  within  the  cell,  as  well  as  that  elicited 
by  extrinsic  agents,  including  radiation  and  certain 
chemicals.  Unrepaired  or  misrepaired  DNA  damage  can 
compromise  chromosomal  stability,  allowing  a  cell  to 
escape  normal  restrictions  on  its  growth. 

Genome  integrity  is  ensured  in  part  by  a  response  system 
that  has  evolved  to  locate  and  effect  the  timely  repair  of 
damage  to  DNA.  This  response  involves  the  assembly  of 
DNA-repair  protein  complexes  able  to  recognise  and 
eliminate  damage-induced  lesions,  and  the  synthesis  of  cell- 
cycle  checkpoint  control  proteins  that  provide  a  sufficient 
window  of  opportunity  to  effect  such  repair.  BRCAl  and 
BRCA2  occupy  fundamental  roles  in  coupling  DNA 
damage-induced  signals  to  downstream  cellular  responses, 
including  damage  repair  and  cell-cycle  checkpoint 
activation. 

Because  the  DNA  damage-induced  signalling  pathways 
that  converge  on  BRCAl  and  BRCA2  are  universally 
conserved,  the  genes  are  likely  to  function  ubiquitously  in 


the  maintenance  of  genome  integrity.  Nonetheless, 
inactivation  of  BRCAl  or  BRCA2  generally  leads  only  to 
cancer  of  the  breast  or  ovary.  What  then  might  constitute 
the  molecular  basis  for  the  tissue-specific  tumour 
suppressive  properties  of  BRCAl  and  BRCA21 
The  breast  and  the  ovary  are  reproductive  organs  that  rely 
on  hormones,  including  oestrogen  and  progesterone,  for 
growth,  differentiation,  and  homeostastis.  According  to  one 
theory,  inactivation  of  BRCAl  and  BRCA2  renders  breast 
and  ovary  susceptible  to  tissue-specific  effects  of  oestrogen- 
induced  DNA  damage.  Thus,  inactivating  mutations  in 
BRCAl  and  BRCA2  could  compromise  the  response  of 
breast  and  ovarian  epithelial  cells  to  oestrogen-induced 
DNA  damage,  thereby  resulting  in  inefficient  or  error-prone 
DNA  repair.  Global  genomic  instability  and  a  concomitant 
accrual  of  functionally  inactivating  mutations  within  other 
genes  involved  in  breast  and  ovarian  tumourigenesis  might 
then  ensue.  Alternatively,  BRCAl  might  modulate 
hormone  signalling  pathways  and  control  of  cellular 
proliferation.  BRCAl  represses  the  transcriptional  activity 
of  the  oestrogen  and  progesterone  receptors,  and 
mutational  inactivation  of  the  gene  could,  therefore, 
promote  epithelial  cell  proliferation  through  altered 
expression  of  hormone-responsive  genes. 

These  two  models  are  not  mutually  exclusive  and  could 
suggest  a  combinatorial  path  to  breast  cancer,  since  they 
invoke  BRCA /-mediated  and  BRCA2-mcdiatcd  control  at 
two  distinct  steps  of  tumourigenesis — initiation  and 
progression.  Thus,  inappropriate  expression  of  hormone- 
responsive  genes  could  promote  the  proliferation  of 
transformed  cells  arising  through  inefficient  or  error-prone 
repair  of  oestrogen-induced  DNA  damage.  In  this  way, 
hereditary  BRCAl  and  BRCA2  mutations  could  render 
breast  and  ovarian  epithelial  cells  particularly  susceptible  to 
tumourigenesis  through  perturbation  of  distinct  hormone- 
dependent  pathways  (figure). 

This  knowledge  could  help  to  treat  those  carrying 
mutations  in  BRCAl  and  BRCA2,  and  might  also  be  useful 
in  the  treatment  of  patients  with  sporadic,  non-genetic 
breast  cancers.  Few  mutations  in  BRCAl  and  BRCA2  arise 
in  sporadic  breast  cancers,  suggesting  that  the 
perturbation  of  alternative  pathways  causes  malignant 
disease  in  these  cases.  As  caretakers  of  genomic 
integrity,  BRCAl  and  BRCA2  represent  prime  targets 
for  therapeutic  intervention — ie,  targeted  inactivation  of 
BRCA /-specific  and  BRCA  2-specific  DNA-damage 
response  pathways  could  render  tumour  cells  sensitive 
to  the  genotoxic  effects  of  radiation  or  chemotherapeutic 
agents,  thereby  offering  the  potential  for  improved 
combination  therapies.  In  the  last  decade  of  the  20th 
century,  BRCAl  and  BRCA2  were  identified  and 
characterised.  The  role  and  regulation  of  their  encoded 
products  in  DNA-damage  response  and  repair,  once 
identified,  should  expedite  the  design  and 
implementation  of  strategies  to  delay,  and  ultimately  to 
prevent,  tumour  formation. 


Role  of  BRCA  genes  In  breast  cancer 
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Breast  Cancer 
Susceptibility  Genes 

by  Thomas  G.  Boyer  and  Wen-Hwa  Lee 


The  last  decade  of  the 
20th  century  witnessed 
the  identification  and 
initial  characterization 
of  two  major  breast 
cancer  susceptibility 
genes,  BRCA-1  and 
BRCA-2.  Studies  of  the 
encoded  BRCA  proteins 
have  revealed  roles  in 
the  maintenance  of 
chromosomal  stability 
and  in  DNA  damage 
response  and  repair, 
and  studies  continue  to 
illuminate  further  bio¬ 
logical  activities.  A 
greater  appreciation  of 
the  involvement  of 
BRCA-1  and  2  in  breast 
and  ovary  cells  will 
increase  the  probability 
that  recent  advances  in 
our  understanding  of 
their  biological  func¬ 
tions  will  be  channeled 
effectively  to  the 
treatment  and  preven¬ 
tion  of  breast  and 
ovarian  cancer. 


In  the  year  2002,  approximately 
200,000  American  women  will 
be  diagnosed  with  breast  can¬ 
cer,  the  most  common  malignancy 
afflicting  women  in  the  United 
States.  Among  women  who  do  not 
smoke,  breast  cancer  is  the  prima¬ 
ry  cause  of  cancer-related  death. 

Although  many  factors  influ¬ 
ence  a  woman’s  lifetime  risk  for 
development  of  breast  cancer,  fam¬ 
ily  history  is  one  of  the  most  pow¬ 
erful  prognostic  indicators.  About 
10%  of  all  breast  cancer  cases  can 
be  linked  to  heritable  transmission 
of  an  autosomal  dominant  allele. 
Thus  a  major  achievement  was 
substantiation  that  many  of  these 
hereditary  cases  could  be  linked  to 
germline  mutations  in  either  of 
two  breast  cancer  susceptibility 
genes,  identified  as  BRCA-1  and  2. 


Through  linkage  analysis  of 
families  affected  by  early-onset 
breast  and  ovarian  cancer,  BRCA- 
1  was  mapped  to  chromosome 
17q21  in  1990  and  cloned  4  years 
later.  BRCA-2  was  mapped  to 
chromosome  13q  and  cloned  short¬ 
ly  thereafter.  Mutations  in  BRCA- 
1  a re  believed  to  account  for  60  to 
80%  of  hereditary  breast  and  ovar¬ 
ian  cancer  cases  and  up  to  20%  of 
hereditary  breast  cancers  only. 
BRCA-2  mutations  are  linked  to  a 
similar  percentage  of  inherited 
breast  cancers,  but  in  contrast  to 
BRCA-1,  they  also  predispose  to 
male  breast  cancer. 

Together,  defects  in  these  two 
genes  account  for  about  40%  of 
inherited  breast  cancers.  Germline 
inactivation  of  one  allele  of  either 
BRCA-1  or  2  is  sufficient  to  predis- 


Mutations  in  BRCA  genes  account  for  almost  half  of  hereditary  breast  cancers.  The 
rest  derive  from  mutations  either  in  identified  genes  associated  with  rare  cancer 
susceptibility  syndromes  or  in  unidentified  susceptibility  genes. 
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pose  a  person  to  cancer,  while  can¬ 
cer  onset  is  invariably  accompanied 
by  loss  of  the  remaining  allele.  Thus 
BRCA-1  and  2  belong  to  the  group 
of  tumor  susceptibility  genes  whose 
encoded  products  normally  function 
to  suppress  tumor  formation. 

Mutations  in  other  known  tu¬ 
mor  susceptibility  genes,  such  as 
p53,  the  retinoblastoma  gene  RB, 
and  the  adenomatous  polyposis 
gene  APC,  are  found  in  both  famil¬ 
ial  and  sporadic  tumors.  Mutations 
in  BRCA-1  and  2,  however,  are 
rarely  detected  in  nonhereditary 
breast  cancers,  though  it  has  been 
proposed  that  aberrant  regulation 
of  their  expression  or  of  the  activi¬ 
ty  of  their  products  could  contrib¬ 
ute  to  sporadic  breast  cancers. 

Clearly,  detailed  knowledge  of 
the  normal  biological  functions  of 
these  proteins  and  of  their  regula¬ 
tion  will  be  required  for  a  thorough 
appreciation  of  how  direct  or  indi¬ 
rect  functional  inactivation  of 
BRCA-1  and  2  leads  ultimately  to 
breast  cancer.  In  this  article,  we 
begin  with  a  description  of  the 
structural  features  of  the  BRCA 
proteins  and  then  highlight  recent 
insights  into  their  biological  role 
and  regulation. 

Protein  Structures  Are 
Clues  to  Functions 

BRCA-1  is  a  nuclear  phosphopro- 
tein  of  1863  amino  acids  character¬ 
ized  by  the  presence  of  a  notable 
structural  motif  near  each  end. 


At  its  amino  terminus,  BRCA-1 
harbors  a  zinc-binding  RING  fin¬ 
ger  domain,  which  is  a  set  of  spa¬ 
tially  conserved  cysteine  and  histi¬ 
dine  residues.  More  than  200 
RING  finger  proteins  of  diverse 
function  are  potentially  encoded  by 
the  human  genome,  so  this  domain 
is  a  relatively  common  structural 
motif.  Recent  studies  have  raised 
the  possibility  that  the  functional 
diversity  apparent  among  RING 
finger  proteins  is  tied  to  a  common 
enzymatic  activity. 

The  carboxy  terminal  of  BRCA- 
1  includes  a  series  of  domains  that 
are  autonomous  folding  units 
defined  by  conserved  clusters  of 
hydrophobic  amino  acids.  These 
are  called  BRCA-1  C-terminal  or 
BRCT  domains,  and  they  have 
been  found  in  other  proteins  impli¬ 
cated  in  DNA  repair  and  cell  cycle 
checkpoint  control.  No  specific  cel¬ 
lular  function  has  so  far  been 
ascribed  to  the  BRCT  domain,  but 
it  is  likely  to  be  a  protein  interac¬ 
tion  surface. 

A  third  region  in  BRCA-1  also 
appears  to  be  a  functionally  rele¬ 
vant  protein  interaction  surface, 
but  the  structure  of  this  region  has 
not  yet  been  defined.  The  same 
region  includes  two  putative 
nuclear  localization  signals. 

BRCA-2  is  a  nuclear  protein  of 
3418  amino  acids  whose  most  pro¬ 
minent  feature  is  eight  tandem 
copies  of  a  repetitive  sequence 
termed  the  BRC  repeat.  Also 
notable  is  a  region  of  about  500 


Structural  and  functional  domains  of 
BRCA-1  and  2  are  named  above  each  of 
the  schematic  proteins.  Representative 
proteins  that  interact  with  BRCA-1  and  2 
are  identified  beneath  them. 
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BRCA-1  and  2  couple  signals  of  DNA 

damage  to  cellular  responses,  including 
damage  repair  and  cell  cycle  checkpoint 
activities.  Though  much  about  this 
process  is  not  yet  understood,  it  is 
known  that  BRCA-1  is  phosphorylated 
by  any  of  several  protein  kinases, 
depending  on  the  type  of  DNA  damage. 
Both  BRCA  proteins  interact  physically 
with  DNA  repair  proteins,  and  BRCA-1 
also  participates  in  transcription  control 
of  genes  that  encode  DNA  repair  and 
cell  cycle  checkpoint  control  proteins. 


Discovery  of  the  BRCA  genes 
and  early  work  on  their  protein 
products  was  described  by 
Barbara  Weber  in  the 
January  / February  1996  issue 
of  Science  &  Medicine. 


amino  acids  that  is  more  highly 
conserved  between  human  and 
mouse  than  the  coding  sequence  as 
a  whole. 

BRCA-1  and  2  Are 
Caretakers  of  Genomic 
Stability 

Insights  into  the  biological  func¬ 
tions  of  BRCA-1  and  2  have  come 
from  analyses  of  cells  derived  from 
BRCA-mutant  human  breast  tu¬ 
mors  and  from  embryos  of  mice 
carrying  targeted  deletions  of  the 
BRCA  genes.  Invariably,  BRCA- 
deficient  cells  exhibit  gross  chromo¬ 
somal  abnormalities,  typified  by 
breaks,  aberrant  mitotic  exchanges, 
and  aneuploidy. 

These  sorts  of  DNA  damage 
arising  from  ongoing  metabolic 
processes  within  the  cell  or  caused 
by  extrinsic  agents,  including  radi¬ 
ation  and  certain  chemicals,  are  a 
persistent  threat  to  genome  integ¬ 
rity.  A  response  system  has 
evolved  to  locate  damaged  DNA 
and  effect  its  timely  repair.  BRCA- 


1  and  2  are  parts  of  that  system, 
cellular  caretakers  ensuring  that 
the  genetic  integrity  of  a  cell  is  not 
compromised  by  the  unscheduled 
loss,  duplication,  or  rearrangement 
of  chromosomal  DNA. 

The  DNA  repair  response 
involves  the  assembly  of  protein 
complexes  capable  of  recognizing 
and  eliminating  damage-induced 
lesions,  as  well  as  the  synthesis  of 
proteins  that  arrest  cell  cycle  pro¬ 
gression  while  the  damage  is 
repaired.  Disruption  of  the  damage 
response  system  can  lead  to  repli¬ 
cation  or  segregation  of  damaged 
chromosomal  DNA,  and  that  in 
turn  can  permit  a  cell  to  escape 
normal  restrictions  on  its  growth, 
which  is  practically  the  definition 
of  cancer. 

Evidence  to  implicate  BRCA-1 
and  2  in  the  DNA  damage  re¬ 
sponse  has  come  from  the  observa¬ 
tion  that  cells  deficient  in  either 
protein  are  hypersensitive  to  a 
variety  of  DNA-damaging  agents. 
A  more  specific  function  was  sug¬ 
gested  by  the  finding  that  cells 
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deficient  in  either  BRCA-1  or  2 
exhibited  overt  defects  in  the 
repair  of  oxidative  DNA  damage. 
Further  studies  have  documented 
direct  interactions  between  BRCA- 
1  or  BRCA-2  and  individual  pro¬ 
tein  components  of  the  DNA  repair 
machinery. 

BRCA-1  has  been  linked  to 
DNA  repair  through  its  interaction 
with  a  complex  of  three  proteins, 
RAD-50/MRE-11/NBS-1,  that  oper¬ 
ates  in  both  nonhomologous  and 
homologous  recombinational 
repair  of  double-strand  breaks. 
The  three-protein  complex  has 
been  proposed  to  resect  DNA  ends 
at  the  sites  of  double-strand  breaks 
in  order  to  reveal  sequence  homolo¬ 
gies  through  which  recombination 
can  ensue.  What  BRCA-1  does  in 
its  association  with  this  complex 
remains  to  be  established. 

BRCA-1  is  also  a  resident  com¬ 
ponent  of  a  large  multiprotein  com¬ 
plex  that  includes  mismatch  repair 
proteins.  These  and  other  proteins 
are  involved  in  replication  or  in 
repair  of  DNA  damage  that  can 
occur  at  replication  forks.  The 
association  of  BRCA-1  with  these 
proteins  suggests  that  it  partici¬ 
pates  in  resolving  aberrant  DNA 
structures  that  appear  during 
replication  or  when  replication  is 
stalled. 


A  role  for  BRCA-2  in  DNA  dam¬ 
age  repair  has  been  suggested  by 
the  discovery  that  it  interacts  with 
a  recombinase  called,  in  mammals, 
RAD-51.  Mammalian  RAD-51  is  a 
homologue  of  the  prokaryotic  RecA 
and  yeast  Rad51p  proteins,  the  lat¬ 
ter  a  member  of  the  RAD-52  epi- 
stasis  group.  In  yeast,  RAD-52 
epistasis  proteins  are  required  for 
repair  of  DNA  double-strand 
breaks  as  well  as  mitotic  and  mei- 
otic  recombination. 

Eukaryotic  RAD-51  proteins, 
like  RecA,  have  intrinsic  ATP- 
dependent  DNA  binding  activity. 
RAD-51  and  single-strand  DNA 
form  a  nucleoprotein  filament  that 
invades  and  pairs  with  a  homolo¬ 
gous  DNA  duplex,  catalyzing  hom¬ 
ologous  DNA  pairing  and  strand 
exchange.  Mouse  embryos  lacking 
BRCA-2  exhibit  radiation  hyper¬ 
sensitivity  defects  like  those  seen 
in  mouse  embryos  lacking  RAD-51. 

The  interaction  between  BRCA- 
2  and  RAD-51  involves  the  BRC 
repeats  in  BRCA-2.  Peptides  corre¬ 
sponding  to  individual  BRC  repeats 
can  inhibit  multimerization  of 
RAD-51  and  block  nucleoprotein 
filament  formation.  Whether  this 
inhibitory  activity  is  a  physiologi¬ 
cal  role  for  BRCA-2  in  regulating 
RAD-51  activity  has  not  been 
established. 


DNA  double-strand  breaks  induced  for 
example  by  ionizing  radiation  are  repaired 
by  two  processes  in  which  the  BRCA 
proteins  are  involved.  In  a  complex  with 
RAD-50,  MRE-11,  NBS-1,  and  other  pro¬ 
teins,  BRCA-1  takes  part  in  both  homolo¬ 
gous  recombination  and  nonhomologous 
end-joining.  BRCA-2  complexed  with 
RAD-51  is  active  in  strand  exchange 
during  homologous  recombination. 


May/June  2002 


35 


MJ02  Boyer2  3/22/02  5:20  PM  Page  36 


AUTHOR-- 

In  your  original  drawing,  there  is 
an  up-arrow  just  to  the  right  of 
the  DNA  below  BRCA-1  (above 
cell  cycle).  What  does  this 
mean,  and  should  it  be  re¬ 
instated? 


With  associated  co-repressor  CtIP, 

BRCA-1  ordinarily  represses  transcription 
of  cell  cycle  checkpoint  control  genes.  In 
response  to  certain  kinds  of  DNA  dam¬ 
age,  BRCA-1  and  CtIP  are  phosphoryl- 
ated  by  ATM.  Phosphorylated  CtIP  dis¬ 
sociates  from  BRCA-1,  leading  to  relief 
of  BRCA-1-mediated  transcriptional 
repression  and  consequent  induction  of 
p21  and  GADD-45.  The  protein  products 
of  those  genes  function  in  GrS  and  G2- 
M  cell  cycle  arrest,  respectively. 


Consistent  with  that  possibility, 
though,  is  the  observation  that  for¬ 
mation  of  RAD-51  protein  complex¬ 
es,  normally  induced  by  DNA  dam¬ 
age,  is  diminished  in  cells  either 
deficient  in  BRCA-2  or  in  which 
the  interaction  between  BRCA-2 
and  RAD-51  is  specifically  disrupt¬ 
ed.  It  therefore  seems  clear  that 
BRCA-2  is  necessary  for  the 
assembly  of  RAD-51  complexes. 

Processes  of  DNA  repair  must 
be  coordinated  with  regulation 
of  cell  cycle  transit  so  that  damage 
is  repaired  before  chromosomal 
DNA  is  replicated  or  segregated. 
There  is  considerable  evidence  that 
BRCA-1  occupies  a  central  place  in 
activation  of  cell  cycle  checkpoints 
when  DNA  damage  is  detected. 

First,  BRCA- 1-mutant  cells 
exhibit  defects  in  DNA  damage- 
induced  S  and  G2-M  cell  cycle 
checkpoints.  Second,  after  DNA 
damage,  BRCA-1  is  rapidly  phos¬ 


phorylated  by  cell  cycle  checkpoint 
kinases,  suggesting  that  it  func¬ 
tions  downstream  of  DNA  damage 
sensors  that  trigger  cell  cycle  check¬ 
points.  And  third,  BRCA-1  has  been 
shown  to  regulate  expression  of 
cell  cycle  checkpoint  control  genes, 
including  p21  and  GADD-45,  which 
function  in  GrS  and  G2-M  cell 
cycle  checkpoints,  respectively. 

The  role  of  BRCA-2  in  cell  cycle 
checkpoint  control  is  much  less 
clear.  Where  examined,  DNA  dam¬ 
age-induced  cell  cycle  checkpoints 
appear  to  be  largely  intact  in  cells 
lacking  wild-type  BRCA-2.  Indirect 
evidence  exists  to  link  BRCA-2  to 
G2-M  control,  but  it  is  not  entirely 
clear  whether  this  is  an  indirect 
effect  secondary  to  the  role  of 
BRCA-2  in  DNA  damage  repair. 

The  fact  that  specific  disruption 
of  the  interaction  between  BRCA-2 
and  RAD-51  leads  to  loss  of  G2-M 
checkpoint  control  suggests  that 
this  may  be  the  case.  Thus,  BRCA- 
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2  inactivation  could  trigger  exist¬ 
ing  checkpoints  that  monitor  DNA 
structure,  leading  to  delays  in  G2- 
M  progresson. 

Collectively,  the  phenotypic 
characteristics  of  cells  deficient  in 
BRCA-1  or  2  suggest  that  these 
proteins  are  fundamental  in  the 
DNA  damage  response  by  partici¬ 
pating  in  damage  repair,  cell  cycle 
checkpoint  control,  or  both. 

Chromosomal  instability  aris¬ 
ing  from  a  defective  DNA 
damage  repair  response  has  been 
proposed  as  the  pathogenic  basis 
for  tumorigenesis  accompanying 
BRCA  deficiency.  Paradoxically, 
chromosomal  instability  should 
lead  to  cell  growth  arrest  or 
increased  cell  death,  so  the  ques¬ 
tion  is  how  BRCA-1  or  2  mutations 
might  lead  to  the  opposite  effect. 

One  answer  might  lie  in  the 
observation  that  tumor  cells  defi¬ 
cient  in  BRCA-1  or  2  frequently 
harbor  other  inactivating  muta¬ 
tions  in  cell  cycle  checkpoint  control 
genes,  including  p53.  Those  muta¬ 
tions  may  circumvent  the  growth 
arrest  that  is  normally  induced  by 
DNA  damage  and  also  inhibit  p53- 
mediated  apoptosis,  permitting  the 
survival  of  cells  despite  severe 
chromosomal  damage. 


On  the  other  hand,  inactivation 
of  mitotic  checkpoint  genes  could 
bypass  mitotic  arrest  and  permit 
aberrant  chromosomes  to  segre¬ 
gate  into  progeny  cells.  This  model 
is  supported  by  experimental 
observations  and  suggests  that  the 
genetic  instability  arising  in 
BRCA-1-  or  2-deficient  cells  is  piv¬ 
otal  in  tumorigenesis,  leading  first 
to  compensatory  gene  mutations 
that  override  damage-induced  cell 
cycle  arrest  and  apoptosis  and  sub¬ 
sequently  to  the  accrual  of  func¬ 
tionally  inactivating  mutations  of 
genetic  loci  involved  in  breast 
tumorigenesis. 

BRCA-1  and  2  Regulate 
Cell  Growth  and 
Differentiation 

Emerging  evidence  suggests 
important  roles  for  BRCA-1  and  2 
in  the  control  of  cell  growth  and 
differentiation.  The  clearest  exam¬ 
ple  is  the  observation  that  homozy¬ 
gous  deletion  of  Brca-1  in  mice 
results  in  early  embryonic  lethality 
accompanied  by  developmental 
retardation  and  cellular  prolifera¬ 
tion  defects. 

This  outcome  can  be  explained 
in  part  by  the  involvement  of 
BRCA-1  and  2  in  DNA  repair, 


Possible  pathways  to  breast  cancer  in 
women  carrying  germline  mutations  in 
BRCA-1  or  2. 

Somatic  inactivation  of  the  remaining 
allele  gives  rise  to  repair-deficient  cells. 
Most  of  these  cells  ultimately  die  be¬ 
cause  of  cumulative  DNA  damage  and 
activation  of  cell  cycle  checkpoints.  Rare 
repair-deficient  cells  ( green  cells)  that 
survive  can  acquire  additional  mutations 
in  cell  cycle  checkpoint  control  genes. 
These  cells  can  survive  in  spite  of 
genomic  instability  and  give  rise  to 
tumors. 

Alternatively,  mutational  inactivation  of  a 
cell  cycle  checkpoint  gene  may  precede 
somatic  inactivation  of  the  remaining 
BRCA  allele,  resulting  in  repair  deficient 
cells  that  can  survive  despite  genomic 
instability.  The  result  is  the  same. 


Author  --  Were  confused  by  the 
meaning  of  the  colors  in  the  above 
figure.  We  will  revised  the  above 
figure  as  needed. 
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Author- 

Please  differentiate  BRCA  vs 
BRCA  vs  Brea  for  me.  My 
understanding  is  that  the  first  is 
the  gene  (ital),  then  protein  (no 
ital),  so  I  don’t  understand  what 
Brea  (both  ital  and  non-ital) 
represents. 


Author- 

See  figure  on  opposite  page: 
in  your  original  drawing  for 
activation,  you  included  an 
arrow  pointing  to  the  “bend”  in 
the  DNA;  in  fact,  damage  should 
occur  at  TATA,  which  in  your 
drawing  is  covered  by  the  BRCA 
complex  -  is  this  correct? 

Do  we  need  to  move  the  BRCA 
molecules  to  cover  TATA  or  re¬ 
insert  the  arrow? 


because  targeted  deletions  in  p53 
or  its  downstream  effector  p21  can 
rescue  embryos  with  homozygous 
Brca-1  and  2  deficiency.  Thus, 
cumulative  DNA  damage  arising 
in  the  absence  of  Brca-1  and  2  has 
been  hypothesized  to  trigger  p53- 
mediated  cell  cycle  arrest  and 
apoptosis  in  the  developing 
embryo,  while  inactivation  of  p53 
leads  to  cell  cycle  checkpoint 
bypass  and  survival. 

However,  inactivation  of  p53 
only  partially  rescues  these 
embryos,  which  survive  for  only 
days  longer  in  development.  While 
the  delayed  embryonic  lethality 
accompanying  inactivation  of  p53 
has  been  ascribed  to  the  accumula¬ 
tion  of  gross  chromosomal  defects 
that  are  incompatible  with  life,  the 
possibility  also  exists  that  Brca-1 
and  2  are  required  for  transit 
through  a  critical  point  later  in 
embryonic  development. 

Another  line  of  evidence  has 
come  from  studies  of  transgenic 
mice  carrying  a  Brca-1  allele  that 
can  be  tai-geted  for  conditional 
inactivation  specifically  in  the 
mammary  glands  of  female  mice. 
That  inactivation  elicits  defects  in 
ductal  morphogenesis  and  also 
induces  tumors  that  are  associated 
with  genetic  instability,  aneuploidy, 
and  chromosomal  rearrangements. 

In  addition  to  independently 
supporting  a  role  for  BRCA-1  as  a 
breast  tumor  suppressor,  this 
mouse  model  has  revealed  that 
BRCA-1  is  critical  in  mammary 
epithelial  development.  Condi¬ 
tional  inactivation  of  BRCA-2 
specifically  in  mammary  gland  has 
yet  to  be  achieved,  so  the  role  of 
BRCA-2  in  mammary  gland  forma¬ 
tion  remains  to  be  established. 

BRCA-1  and  2  Regulate 
Transcription 

In  parallel  with  the  genetic  studies, 
biochemical  and  molecular  biologi¬ 
cal  analyses  have  been  carried  out 
to  determine  how  BRCA-1  and  2 
execute  their  functions.  The  pro¬ 
teins  have  been  linked  to  a  variety 
of  biological  activities. 


Involvement  of  BRCA-1  in  tran¬ 
scriptional  regulation  was  initially 
indicated  by  the  identification  near 
its  carboxyl  terminus  of  an  acidic 
domain  with  an  inherent  trans¬ 
activation  function  that  is  sensitive 
to  cancer-predisposing  mutations. 
This  region  interacts  directly  or 
indirectly  with  a  variety  of  tran¬ 
scriptional  co-activators,  including 
the  histone  acetyltransferase  p300 
and  hBRG-1,  which  is  the  catalytic 
subunit  of  a  chromatin-remodeling 
complex  called  SW-l/SNF. 

The  same  region,  interestingly, 
also  interacts  with  transcriptional 
co-repressors,  including  histone 
deacetylases  and  the  CtIP/CtBP 
protein  complex.  BRCA-1  muta¬ 
tions  found  in  familial  breast  can¬ 
cer  compomise  the  trans-activation 
function  but  also  abolish  the  bind¬ 
ing  of  BRCA-1  to  co-repressors. 
These  observations  have  prompted 
the  speculation  that  BRCA-1  may 
function  like  a  nuclear  receptor, 
either  activating  or  repressing 
transcription  depending  on  associ¬ 
ated  co-factors. 

Gene  expression  profiling  meth¬ 
ods  have  disclosed  that  ectopic 
overexpression  of  BRCA-1  can 
induce  or  repress  many  genes 
implicated  in  cell  cycle  control,  cell 
cycle  regulation,  and  DNA  replica¬ 
tion  and  repair.  By  virtue  of  this 
transcriptional  regulatory  activity, 
BRCA-1  could  influence  cellular 
responses  downstream  of  DNA 
damage  signals,  including  DNA 
repair  and  cell  cycle  checkpoint 
activation. 

BRCA-l-mediated  regulation  of 
GADD-45  transcription  illustrates 
how  BRCA-1  might  participate  in 
cell  cycle  checkpoint  control  and 
also  provides  a  model  for  how 
BRCA-1  can  achieve  gene-specific 
transcriptional  regulation.  G ADD- 
45  is  a  tumor  suppressor  gene 
induced  by  DNA  damage.  Its 
encoded  product  functions  in  G2-M 
cell  cycle  checkpoint  control. 

Induction  of  GADD-45  tran¬ 
scription  in  response  to  ultraviolet 
radiation  and  radiomimetic  agents 
has  been  shown  to  depend  on 
BRCA-1,  and  evidence  exists  to 
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suggest  that  the  same  may  be  true 
for  ionizing  radiation.  It  is  also 
known  that  BRCA-1  interacts  with 
a  co-repressor,  CtIP,  to  repress 
transcription  of  GADD-45  and  that 
this  interaction  is  disrupted  by 
DNA  damage. 

Neither  BRCA-1  nor  CtIP  can 
bind  DNA  in  a  sequence-specific 
manner,  however,  so  how  these 
proteins  are  recruited  to  them  tar¬ 
get  genes  was  an  unresolved  ques¬ 
tion.  The  answer  was  recently  pro¬ 
vided  by  identification  of  an  inter¬ 
vening  protein,  named  ZBRK-1, 
that  binds  to  both  BRCA-1  and  a 
specific  DNA  sequence  element 
present  in  a  subset  of  BRCA-l’s 
target  genes,  including  GADD-45. 

In  this  way,  BRCA-1  can  be 
physically  tethered  and  functional¬ 
ly  linked  to  specific  regulatory  loci. 
It  is  ZBRK-1  that  actually  repress¬ 
es  transcription  when  it  is  bound 
to  BRCA-1,  so  that  BRCA-1  itself 
is  a  co-repressor.  Potential  ZBRK-1 
binding  sites  have  been  identified 
in  a  large  group  of  genes  inducible 


by  DNA  damage,  so  the  ZBRK-1/ 
BRCA-1  complex  may  be  a  global 
regulator  of  DNA  damage-respon¬ 
sive  genes. 

A  model  has  been  proposed 
whereby  ZBRK-1,  BRCA-1,  and 
CtIP  coordinately  repress  a  func¬ 
tionally  diverse  group  of  DNA 
damage-response  genes  in  the 
absence  of  genotoxic  insult,  and 
that  phosphorylation  induced  by 
DNA  damage  disrupts  the  network 
of  interactions  among  these  pro¬ 
teins,  de-repressing  transcription. 

It  must  be  emphasized  that  de¬ 
repression  as  an  operative  mecha¬ 
nism  in  transcriptional  control  of 
GADD-45  and  other  inducible 
genes  in  vivo  is  likely  to  be  coordi¬ 
nated  with  other  mechanisms  of 
gene  activation.  BRCA-1  has  been 
reported  to  interact  functionally 
with  a  variety  of  sequence-specific 
DNA-binding  transcriptional  acti¬ 
vators,  including  the  tumor  sup¬ 
pressor  p53. 


Model  for  sequence-specific  transcrip¬ 
tion  control  by  BRCA-1  through  its  dual 
role  as  a  co-repressor  and  a  co-activator. 

ZBRK-1  is  a  transcriptional  repressor 
that  recruits  BRCA-1  to  its  specific  DNA 
binding  sites  in  target  genes,  one  of 
which  is  in  intron  3  of  GADD-45.  BRCA-1 
may  then  (1)  recruit  CtIP  and  CtBP  to 
reorganize  higher  chromatin  structure, 
(2)  recruit  histone  deacetylase  complexes 
to  effect  local  gene  silencing,  or  (3)  inter¬ 
act  with  the  basal  transcription  machinery. 

In  response  to  an  appropriate  DNA  dam¬ 
age  signal,  BRCA-1 -mediated  repression 
of  GADD-45  transcription  is  relieved. 
That  permits  BRCA-1  to  become  a  co¬ 
activator  of,  for  example,  p53,  which  also 
binds  to  intron  3  of  GADD-45.  BRCA-1 
could  mediate  transcriptional  activation 
by  either  (1)  recruiting  chromatin-modify¬ 
ing  activities  to  faciliate  transcription 
complex  assembly  at  the  promoter  or  (2) 
directly  recruiting  the  RNA  polymerase  II 
holoenzyme  to  the  promoter.  In  this 
model,  damage-induced  transcription  of 
GADD-45  results  from  concerted  de¬ 
repression  and  activation. 
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Author- 

Can  you  provide  a  background 
paragraph  or  two  on  ubiquitination 
and  protein  destruction  (see 
underlined  paragraph).  Our 
readers  aren’t  (all)  cell  biologists 
and  would  benefit  from  addtional 
explanation.  This  can  be  inserted 
into  the  running  text  before  or  after 
underlined  text  or  shown  as  a 
sidebar. 


In  this  regard,  p53  appears  to  be 
an  important  link  between  BRCA- 
1  and  transcriptional  activation  of 
DNA  damage-inducible  genes.  It 
lies  at  the  heart  of  a  cell-signaling 
pathway  that  is  triggered  by  geno- 
toxic  stresses,  including  DNA  dam¬ 
age.  Stress-induced  p53-initiated 
cell  cycle  arrest  or  apoptosis  ensures 
the  timely  repair  or  elimination  of 
potentially  deleterious  genetic 
lesions. 

Significantly,  p53  and  BRCA-1 
appear  to  regulate  transcription  of 
an  overlapping  set  of  DNA  damage- 
inducible  target  genes,  including 
GADD-45.  This  observation  initial¬ 
ly  implied  a  functional  interaction 
between  these  two  important  tu¬ 
mor  suppressors,  a  prediction  that 
has  since  been  borne  out  experi¬ 
mentally. 

BRCA-1  and  p53  have  been 
demonstrated  to  interact  physical¬ 
ly  and  to  synergize  functionally  to 
activate  transcription  through  a 
p53-binding  site  in  a  GADD-45 
intron.  The  ability  of  BRCA-1  to 
potentiate  p53-dependent  tran¬ 
scription  without  itself  binding  to 
DNA  has  led  to  the  hypothesis  that 
BRCA-1  functions  as  a  p53-specific 
co-activator,  possibly  linking  the 
biochemical  activities  of  these  two 
proteins  to  a  common  pathway  of 
tumor  suppression. 

By  being  both  a  co-repressor 
and  a  co-activator  of  gene  tran¬ 
scription,  BRCA-1  appears  to  func¬ 
tion  as  a  link  between  parallel  and 
perhaps  synergistic  pathways  that 
lead  to  induction  of  DNA  damage 
repair  effectors.  Before  it  can  be 
understood  how  BRCA-1  inte¬ 
grates  these  dual  functions,  it  will 
be  necessary  to  decipher  the  mech¬ 
anistic  basis  for  its  independent 
activation  and  repression. 

In  contrast  to  BRCA-1,  the  part 
that  BRCA-2  plays  in  transcrip¬ 
tional  regulation  is  far  less  certain. 
Some  evidence  implicates  BRCA-2 
in  transcription  control,  including, 
again,  an  inherent  trans-activation 
function  within  the  gene  that  is 
sensitive  to  cancer-predisposing 
mutations  and  an  association  with 
established  transcriptional  co-fac¬ 


tors  and  histone  acetyltransferas- 
es.  However,  the  biological  signifi¬ 
cance  of  these  findings  has  not 
been  demonstrated. 

Most  if  not  all  of  the  cellular 
pool  of  BRCA-1  resides  in 
stable  complexes  with  other  pro¬ 
teins,  so  one  possibility  is  that 
BRCA-1  is  a  molecular  scaffold 
that  facilitates  assembly  of  multi¬ 
protein  machines.  Alternatively, 
the  documented  association  of 
BRCA-1  with  activities  that  modify 
chromatin  could  point  to  pleiotrop- 
ic  roles  in  DNA  repair  and  gene 
transcription.  BRCA-1  could  vari¬ 
ously  promote  or  disrupt  nucleo- 
some-mediated  condensation  of 
DNA  at  gene  promoters  or  DNA 
damage  sites,  thus  precluding  or 
facilitating  access  by  transcription 
and  repair  factors,  respectively. 

Recent  work  has  uncovered  a 
ubiquitin  ligase  activity  of  BRCA-1. 
which  raises  the  intriguing  possi¬ 
bility  that  the  protein’s  multiple 
functions  could  all  derive  from  an 
ability  to  selectively  mark  proteins 
for  destruction.  Specifically.  BRCA-1 
interacts  with  another  RING  finger 
protein  named  BARD-1  through  the 
respective  RING  domains  of  each 
protein.  A  heterodimeric  complex 
formed  by  the  isolated  RING  do¬ 
mains  of  the  two  proteins  exhibits 
ubiquitin  lierase  activity  in  vitro. 

Significantly,  cancer-related 
missense  mutations  within  the 
BRCA-1  RING  finger  abrogate  this 
activity,  suggesting  that  ubiquitin 
ligase  activity  may  be  important 
for  the  biological  function  of 
BRCA-1  in  breast  and  ovarian 
tumor  suppression.  Presently,  no 
physiological  substrates  of  BRCA- 
1/BARD-l-targeted  ubiquitination 
have  been  identified.  But  if  BRCA- 
1  is  involved  in  targeting  proteins 
for  ubiquitination,  its  participation 
in  a  wide  range  of  cellular  process¬ 
es  could  be  explained  to  some 
extent. 

BARD-1  also  interacts  with  a 
polyadenylation  factor,  CstF-50, 
which  indirectly  links  BRCA-1  to 
RNA  processing.  Whether  and  how 
the  ubiquitin  ligase  activity  of 
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BRCA-1  alone  or  in  association 
with  BARD-1  contributes  to  the 
functions  of  BRCA-1  is  an  impor¬ 
tant  area  for  future  investigation. 

Tumor  Susceptibility  Is 
Tissue-Specific 

DNA  damage  response  pathways 
that  converge  on  BRCA-1  and  2 
are  conserved  across  many  cell 
types,  so  that  BRCA-1  and  2  are 
likely  to  function  widely  in  the 
maintenance  of  genomic  integrity. 
Nonetheless,  mutational  inactiva¬ 
tion  of  these  genes  leads  principal¬ 
ly  to  cancer  of  the  breast  and 
ovary.  Why? 

As  reproductive  organs,  breast 
and  ovary  rely  on  hormones  for 
growth  and  differentiation.  At 
least  two  hypotheses  invoking  the 
action  of  hormones  have  been  pro¬ 
posed  to  explain  the  tissue-restrict¬ 
ed  tumor  suppressor  functions  of 
BRCA-1  and  2.  According  to  one 
model,  mutational  inactivation  of 
the  BRCA  genes  renders  breast 
susceptible  to  the  tissue-specific 
effects  of  estrogen-induced  DNA 
damage.  A  major  oxidative  metab¬ 
olite  of  estrogen,  4-hydroxyestra- 
diol,  is  genotoxic. 

The  suggestion  is  that  inactivat¬ 


ing  mutations  in  BRCA-1  or  2 
could  compromise  the  response  of 
breast  epithelial  cells  in  particular 
to  estrogen-induced  DNA  damage. 
Inefficient  or  error-prone  DNA 
repair  could  then  lead  to  genomic 
instability  and  a  concomitant 
accrual  of  functionally  inactivating 
mutations  within  other  genes 
involved  in  breast  tumorigenesis. 
Put  another  way,  BRCA-1  and  2 
mutations  might  enhance  the 
probability  of  tumor  formation 
arising  from  estrogen-induced 
DNA  damage. 

A  second  model  proposes  that 
BRCA-1  and  2  modulate  hormone 
signaling  pathways  that  induce 
cell  proliferation.  BRCA-1  has  been 
shown  to  repress  the  transcription¬ 
al  activity  of  the  estrogen  receptor 
(ER-a),  so  mutational  inactivation 
of  BRCA-1  could  promote  epithe¬ 
lial  cell  proliferation  by  altering 
expression  of  hormone-responsive 
genes. 

The  two  models  are  not  mutual¬ 
ly  exclusive  and  could  suggest  a 
combinatorial  path  to  breast  can¬ 
cer,  with  BRCA-l-mediated  control 
operating  at  two  distinct  steps  in 
tumorigenesis,  initiation  and  pro¬ 
gression. 


Ubiquitin  is  a  marker  that  tags  other 
proteins  for  destruction.  The  sequence  of 
events  is  shown  here  schematically. 

A  ubiquitin-activating  enzyme  El  (UBA) 
is  charged  with  ubiquitin,  which  is  then 
transferred  to  a  ubiquitin-conjugating 
enzyme  E2  (UBC).  A  ubiquitin  ligase  E3 
presumably  functions  as  a  platform  for 
recruitment  of  both  the  E2  enzyme  and  a 
substrate  protein,  which  is  polyubiquitin- 
ated  and  thereby  targeted  for  destruction. 

A  heterodimer  formed  by  isolated  RING 
domains  of  BRCA-1  and  BARD-1  can 
function  as  an  E3  ubiquitin  ligase  in  vitro. 
Remaining  surfaces  on  the  two  proteins 
could  be  involved  in  substrate  recruit¬ 
ment  in  vivo.  The  structure  of  the  hetero¬ 
dimer  formed  by  the  RING  domains  has 
been  described. 
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BRCA-1  Present 


+  ESTROGEN 


+  ESTROGEN 


ESTROGEN-INDEPENDENT  PROLIFERATION 


BRCA-1  is  a  barrier  to  transcription  of 
genes  that  are  targets  of  the  estrogen 
receptor  (ER),  preventing  cell  prolifera¬ 
tion  by  repressing  unliganded  ER  bound 
to  the  estrogen  response  element  (ERE). 
BRCA-1-mediated  ER  suppression 
additionally  involves  one  or  more  co¬ 
repressors,  minimally  including  a  histone 
deacetylase  activity. 

In  cells  deficient  in  BRCA-1,  ERE-bound 
ER  is  free  to  promote  transcription  of  its 
target  genes  and  cell  proliferation  inde¬ 
pendent  of  estrogen.  Such  transcription 
derives  from  recruitment  of  co-activators. 


George  Kuiper  and  colleagues 
discussed  the  two  types  of 
estrogen  receptors  in  the 
July  / August  1998  issue  of 
Science  &  Medicine. 


Models  explaining  how  BRCA-1 
acts  through  modulation  of  estro¬ 
gen  receptor  function  must  account 
for  the  clinical  observation  that  a 
significant  proportion  of  BRCA-1- 
associated  breast  cancers  are  nega¬ 
tive  for  ER-a.  expression.  A  defini¬ 
tive  understanding  of  this  phenom¬ 
enon  is  precluded  by  the  fact  that 
it  simply  is  not  known  how  “ER- 
negative”  tumors  arise. 

It  has  recently  been  shown 
that  within  the  terminal  ductal 
lobular  unit,  where  breast  can¬ 
cers  are  believed  to  originate, 
there  are  at  least  three  distinct 
epithelial  cell  populations:  ER-a- 
positive  cells  that  do  not  prolifer¬ 
ative,  ER-a-negative  cells  that  do 
proliferate,  and  a  small  number 
of  ER-a-positive  cells  that  can 
proliferate  as  well. 

Again,  there  are  two  principal 
models  for  the  genesis  of  ER-a-neg¬ 
ative  epithelial-derived  tumors, 
both  of  which  are  compatible  with 
a  role  for  BRCA-1  in  the  control  of 
epithelial  cell  proliferation  through 
functional  interaction  with  ER-a. 

In  one  model,  ER-a-negative 
breast  cancers  arise  from  the  loss 
of  ER-a  expression  during  the  clin¬ 
ical  evolution  of  cancers  that  were 
originally  ER-a-positive.  In  this 


case,  it  is  possible  that  the  loss  of 
ER-a  expression  is  a  relatively  late 
event  in  breast  tumor  progression, 
one  that  may  occur  after  any  pro¬ 
liferative  advantages  conferred 
upon  transformation-initiated  cells 
by  homozygous  BRCA-1  mutation 
have  ensued. 

Alternatively,  it  has  been  pro¬ 
posed  that  ER-a-negative  and  ER- 
a-positive  tumors  are  distinct  enti¬ 
ties  that  reflect  the  receptor  status 
of  their  clonal  origins.  Recent  data 
suggest  a  model  in  which  prolifera¬ 
tion  of  ER-a-negative  cells  is  con¬ 
trolled  by  paracrine  growth  factors 
released  from  ER-a-positive  cells 
in  an  estrogen-dependent  manner. 
Here,  mutational  inactivation  of 
BRCA-1  could  promote  growth  fac¬ 
tor-mediated  proliferation  of  ER-a- 
negative  tumors. 

Finally,  discovery  of  a  second 
estrogen  receptor  subtype,  ER-(1, 
raises  the  possibility  that  this 
receptor  mediates  the  proliferative 
response  to  estrogen  in  cells  that 
are  negative  for  ER-a  expression. 
ER-(5  is  expressed  during  the 
immortalization  and  transforma¬ 
tion  of  ER-a-negative  human 
breast  epithelial  cells  in  vitro. 

The  functional  role  of  ER-p- 
mediated  estrogen  signaling  path- 
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Role  of  the  BRCA  proteins  in  breast 
cancer.  In  normal  breast  epithelial  cells, 
BRCA-1  and  2  ensure  efficient  DNA 
repair,  thereby  preserving  genomic 
integrity  in  the  face  of  genotoxic  insult, 
including  the  action  of  estrogen  metabo¬ 
lites.  In  addition,  BRCA-1  restricts  estro¬ 
gen-independent  expression  of  estrogen- 
responsive  genes  by  directly  inhibiting 
the  unliganded  estrogen  receptor,  thus 
rendering  cells  dependent  on  estrogen 
for  growth.  BRCA-deficient  breast  epithel¬ 
ial  cells  can  develop  unstable  genomes 
through  inefficient  repair  of  damaged 
DNA  and  can  become  independent  of 
estrogen  for  growth. 


ways  in  the  pathogenesis  of  breast 
cancer  is  currently  unknown. 
However,  the  possibility  exists  that 
ER-p  may  also  be  subject  to  BRCA- 
1-mediated  repression. 

How  might  the  knowledge  now 
at  hand  concerning  the  bio¬ 
logical  functions  of  BRCA-1  and  2 
be  exploited  to  clinical  advantage? 
For  women  genetically  predisposed 
to  BRCA-1  and  2  mutations, 
restricted  exposure  to  direct  or 
indirect  extrinsic  sources  of  DNA 
damage  might  be  warranted. 

In  reality,  knowledge  about 
BRCA-1  and  2  function  might  find 
its  most  useful  applications  in  the 
treatment  of  the  90%  of  sporadic 
breast  cancers  for  which  no  genetic 
linkage  with  an  identifiable  sus¬ 
ceptibility  locus  can  be  found.  In 
these  sporadic  cancers,  pertubation 
of  other  pathways  are  likely 
involved  in  tumorigenesis.  None¬ 
theless,  as  caretaker  genes,  BRCA- 
1  and  2  represent  prime  targets  for 


therapeutic  intervention. 

For  example,  targeted  inactiva¬ 
tion  of  BRCA-1  and  2-specific  DNA 
damage  response  pathways  could 
render  tumor  cells  particularly 
sensitive  to  the  genotoxic  effects  of 
radiation  or  chemotherapeutic 
agents,  offering  the  potential  for 
improved  combination  therapies. 
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